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Abstract 
Tip60 HAT action in Environmental Enrichment induced cognitive restoration 
 
Songjun Xu 
 
 
 
Environmental stimuli provide neurons in the brain with instructive information that 
shapes synaptic connections to impact cognitive ability. As such, environmental 
enrichment (EE) conditions have profound beneficial effects for reinstating cognitive 
ability in neuropathological conditions such as Alzheimer’s disease (AD). While EE 
benefits involve epigenetic gene control mechanisms that comprise histone 
acetylation, the select HATs involved remain largely unknown. I have shown that 
Tip60 HAT action controls activity-dependent cognition linked neuronal processes 
that include synaptic plasticity, axonal transport and epigenetically regulates 
transcriptional profiles of genes enriched for these functions. Here, I examine a role 
for Tip60 HAT action in mediating activity- dependent adaptations to EE. The 
mushroom body (MB) in the Drosophila brain is a superb model to study cognitive 
processes in vivo as it displays homology to human circuits corresponding to the 
hippocampus and as such, functions in learning and memory (L&M). Here, I show 
that misregulation of Tip60 in the fly MB results in memory defects in these flies. AD 
flies also exhibit memory impairment, consistent with their inability to learn. 
Remarkably, excess Tip60 rescues both L&M defects in AD flies. Morphological 
analysis of the MB revealed that EE induced MB axonal outgrowth while Tip60 
deficient flies showed a defect in such beneficial EE axonal enhancement. These 
defects correlated with attenuation of the transcriptional profile of certain activity-
	  	  
dependent cognition linked genes induced in response to EE. Our results implicate 
Tip60 as a critical mediator of EE-induced benefits, and provide insight into non-
invasive behavioral and epigenetic treatments for cognitive deficits in neurological 
disorders.
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Chapter 1: Background and Significance 
 
Epigenetics and Chromatin Packing 
 
Epigenetic Regulation By Modifying Chromatin Packaging 
 
Epigenetics, which essentially means ‘outside genetics’,has been a well established 
major research area where the studies focus on stable alterations that tightly regulate 
gene expression in programming and differentiating cells into specific cell types and 
functions. Except for being crucial for development and differentiation, epigenetic 
processes are also essential to respond to the influence of the environment. For all the 
living cells, maintaining their cellular identity from inherited ‘cellular memory’ is 
critical in maintaining normal function for the whole organism. It is the ‘cellular 
memory’ that allows for specific gene expression patterns to be established early 
during development yet allowing them to be highly flexible to facilitate the 
appropriate down-stream biological functions(Jaenisch and Bird 2003). Epigenetics, as 
a highly dynamic process, regulates gene expression by consistently affecting 
chromatin packaging via post-translational histone and DNA modification that links 
environmental factors in the genome. Epigenetic mechanisms have been known to 
play important roles in various cellular processes such as DNA repair, transcription, 
and now are gaining more attention for their rolse in neuronal processes including 
cognition related disorders (Peterson and Laniel 2004, Mellor 2005, Graff and Mansuy 
2008, Graff, Franklin et al. 2010, Graff, Kim et al. 2011). 
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Within the eukaryotic nucleus, 147 base pairs of DNA are wrapped around a histone 
octomeric core that is composed of two copies of each of histones H2A, H2B, H3 and 
H4 to form a nucleosome (Mizzen and Allis 1998, Mariño-Ramírez, Kann et al. 2005). 
These nucleosomes associated with each other via a linker histone proteins H1, H0 
and H5 to further package chromatin into a highly compact structure to form 
chromosomes (Bottomley 2004, Godde and Ura 2008, Wood, Snijders et al. 2009). 
The level of compaction is critical in maintaining genome integrity and functions. 
Generally, when the chromatin is packaged loosely, it facilitates other transcription 
factors and RNA polII binding, therefore allowing transcriptional activation. Whereas 
more compacted structure is often associated with transcriptional repression, since its 
structure prevents other transcriptional machinery from accessing certain genomic 
regions that allows for transcriptional activation (Wolffe 1992, Cruickshank, Besant et 
al. 2010). Histone and DNA modifying enzymes involve in this compaction-mediated 
transcription by changing post-translational modifications on the histone tails, as well 
as various methylation marks on the CpG islands of DNA strands (Jacobson, Reddy et 
al. 1998, Fuks 2005). Histone modifying enzymes act by making post-translational 
modifications on the N-terminus of histone tails that extend out from the nucleosomal 
core. Together, these modifications are present on highly conserved amino acid 
residue sites that allow for acetylation, methylation, phosphorylation, and sumolation 
to form unique patterns for specific gene sets to affect gene expression locally or 
globally(Vermaak and Wolffe 1998, Gelato and Fischle 2008). 
Specifically, different histone markers combination creates certain chromatin 
landscapes to allow for certain gene activation or repression. Active chromatin regions 
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are often associated with enhanced levels of histone acetylation, while inactive 
chromatin regions are mostly associated with methylation and decreased levels of 
acetylation(Boija and Mannervik 2015, Chen, Zhao et al. 2015, Chen, Huang et al. 
2015, Gillette and Hill 2015, Moresi, Marroncelli et al. 2015, Rybnikova and 
Samoilov 2015, Salminen, Kauppinen et al. 2016, Zhang and Babic 2016). Together, 
these markers are jointly responsible for lasting and robust changes to the cells so that 
they can maintain their identity through cell replication while allowing for dynamic 
changes in gene expression patterns as a response to environmental stimuli. One well 
researched area that focuses on understanding the interplay between nature and nurture 
is nervous system, where the neuron circuits consistently change to respond to the 
ever-changing environment. 
 
Epigenetic Regulation In Neuronal Development 
Recently, epigenetics has gaining increasing attention from neuroscience, with 
epigenetic mechanisms being implied in brain development, neuronal differentiation, 
and cognitive processes. The development and function of nervous system require 
large scale of regulation to respond to a variety of external stimuli including learning 
and memory and sensory perception. Importantly, physiological signals and 
developmental cues were found to influence adaptive transcriptional response in 
individual neurons by epigenetic modification (Riccio 2010).  Within each individual 
neuron, the nucleus contains a unique but highly regulated chromatin landscape for 
gene expression patterns that depend on the specific chromatin modifying enzymes. 
Each set of the modifying enzymes is composed as “reader”, “writer” and “eraser” 
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based on their functions. They consistently work on specific regions of the chromatin 
to maintain the functions of differentiated cells and their identities to the 
corresponding daughter cells. These modifications consistently form and change 
throughout our life time in response to signaling pathways as well as external cues 
(Meaney and Ferguson-Smith 2010). 
The nervous system is originally derived from the ectoderm of the embryo. 
Subsequently, neuroectoderm appears and neural plate formed along the dorsal side of 
the embryo.  The rapidly forming nervous system region contains neuronal stem cells 
(NSCs). Eventually, these NSCs will differentiate into three major cell types including 
neurons, astrocytes, and oligodentrocytes (Gage 2000). From here, it will form 
neuronal network and plasticity change as a function of experience. Specifically, 
neurons will extend to form axons and dendrites once reaching their intended 
destination in order to communicate with and form neuronal circuits with other 
neurons via synapses (Bhaumik, Smith et al. 2007). Of note, distinct neural 
connectivity can result in different transcriptional response of activity-dependent gene 
reprogramming(Karpova, Sales et al. 2016). 
 
Epigenetic Mechanism In Age-related Cognitive Decline 
As the life expectancy of the population increase, age-related cognitive decline such as 
Alzheimer’s disease, is becoming one of the greatest health concern in this era(Lo 
Coco, Lopez et al. 2016). Misregulation in gene expression in certain brain regions, 
especially hippocampus and frontal cortex, has been linked with age-related cognitive 
decline(Greendale, Kritz-Silverstein et al. 2000, Mons, Enderlin et al. 2001, Crivello, 
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Casseus et al. 2010, Giralt, Saavedra et al. 2012, Dominguez, Dagnas et al. 2016). 
Gene expression profile studies in young versus aged mice under before and after fear 
conditioning revealed a number of genes that were misregulated in the aged mice 
(Peleg, Sananbenesi et al. 2010). However, the molecular mechanisms underlying 
these changes have stayed obscure (Burke and Barnes 2006, Loerch, Lu et al. 2008). 
There is an emerging body of evidence suggesting that epigenetic changes to the 
structure of chromatin could drive age-related cognitive decline (Sweatt 2009, Roth, 
Roth et al. 2010, Sweatt 2010, Sweatt 2011, Day and Sweatt 2012). Of note, altered 
histone acetylation in the hippocampus of aged mice disrupted normal memory-
associated activity(Peleg, Sananbenesi et al. 2010). In this study, decreased acetylation 
of histone H4 lysine 12 (H4K12ac) was reported in aged mice during contextual fear 
conditioning, a commonly used test for hippocampus-dependent associative learning. 
In addition, the aged mice failed to initiate a hippocampal gene expression program 
associated with memory consolidation in the formation and maintenance of long term 
memories. When treated with SAHA, an HDAC inhibitor which restored H4K12 
acetylation levels, the aged mice showed improved cognition and normal expression 
of learning-induced gene targets. Accordingly, H4K12 acetylation plays a crucial role 
in activating specific gene targets necessary for proper cognition and the formation 
and maintenance of long term memories (Peleg, Sananbenesi et al. 2010). 
 
Epigenetic Control In Cognitive Disease 
Alteration to normal neuronal epigenome by dysfunction of epigenetic modification or 
accumulation of aberrant epigenetic marks can cause significant consequences on 
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cognitive function in the human brain. Multiple cognitive disorders have been known 
to, at least partly, attribute to human cognitive disorders. Rubinstein-Taybi syndrome 
(RTS) is an incurable genetic disorder with combination of mental retardation and 
physical growth deficiency. CREB-binding protein (CREBBP/CBP) is the first 
identified gene associated with RTS. Alterations of the epigenetic 'histone code' due to 
dysfunction of the CBP histone acetyltransferase activity misregulate gene 
transcriptions that are prominently linked to RTS pathogenesis(Park, Kim et al. 2014). 
Another example is Rett Syndrome. A variety of recent evidence demonstrates that the 
phenotypes of Rett Syndrome are present at the earliest stages of brain development, 
including developmental stages that define neurogenesis, migration, and patterning in 
addition to stages of synaptic and circuit development and plasticity. Importantly, 
these phenotypes arise from the pleotropic effects of MeCP2, which is expressed since 
early in neuronal progenitors throughout adulthood. The effects of MeCP2 are 
mediated by diverse signaling, transcriptional, and epigenetic mechanisms (Feldman, 
Banerjee et al. 2016). Of note, MeCP2 was known to bind to CpG and recruits 
HDACs, causing deceased levels of histone acetylation(Shahbazian and Grunstein 
2007, Adachi, Autry et al. 2009). Patients with fragile X syndrome (FXS) exhibit 
moderate to severe intellectual disabilities, and about 1/3 of them exhibit 
characteristics of autism spectrum disorder. FXS is caused by a trinucleotide repeat 
expansion, which leads to silencing of the fragile X mental retardation (FMR1) gene. 
The absence of the FMR1 gene product, FMRP,  is considered the reason for the 
disease phenotypes. It has been suggested that repeat instability and transcription of 
the FMR1 gene occur during early embryonic development, while after cell 
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differentiation repeats become stable and the FMR1 gene is silent. Epigenetic marks, 
such as DNA methylation, are associated with gene silencing and repeat stability at the 
FMR1 locus (Gerhardt 2015). 
Taken together, although many factors have been shown to involve in age-associated 
cognitive decline, epigenetic mechanisms serve as a foundation that contributes to 
pathologies underlying cognitive decline. Research into the epigenetic control of such 
complex and multifaceted disorders allows for novel potential therapeutic treatments 
invented for interfering and managing a variety of disorders. 
 
Histone acetylation and Tip60’s role in epigenetic regulation 
 
Writer And Erasers In Histone acetylation 
In recent years, it has been widely accepted that histone modification plays a vital role 
in gene transcriptional regulation, and therefore extensively involved in a wide 
spectrum of disease regulation. Histone acetylation is often associated with 
transcription activation controlled by histone acetyltransferases (HATs) and histone 
deacetylases (HDAC). As one of the most investigated writer enzymes, HATs serve to 
add acetyl group on specific lysine of histone tails, resulting in relaxation of chromatin 
structures(Struhl 1998, Deckert and Struhl 2001, Carrozza, Utley et al. 2003, Smith 
and Denu 2009, Chen, Zhao et al. 2015). Conversely, HDACs remove acetyl groups 
from hyperacetylated histones and suppress general gene transcription. In addition to 
histones, numerous non-histone proteins can be acetylated and deacetylated, and they 
are also involved in a wide range of disease regulation(Chen, Zhao et al. 2015). 
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In mammals, 19 HATs can be generally classified into families based on the structural 
similarities, including the MYST family (MOZ, Ybf2/Sas3, Sas2, Tip60)(Utley and 
Cote 2003, Avvakumov and Cote 2007), GNAT family (GCN5-related N-
acetyltransferases) (Pandey, Muller et al. 2002, Ramakrishnan, Gilchrist et al. 2004, 
Riss, Scheer et al. 2015), p300/CBP HATs(Sadoul, Boyault et al. 2008, Wang, 
Marshall et al. 2013), NCOA family(Tetel and Acharya 2013, Szwarc, Lydon et al. 
2015) and general transcription factor HATs (Federman, Zalcman et al. 2014, 
Mahgoub and Monteggia 2014, Sheikh 2014, Salminen, Kauppinen et al. 2016). 
During embryogenesis, individual HATs are expressed or activated at specific times 
and locations to coordinate proper development. Not surprisingly, mutations 
in HATs lead to severe developmental abnormalities in the nervous system and 
increased neurodegeneration(Sheikh 2014). 
 
Similar to HATs, 18 HDACs are classified into four classes based on their homology 
to yeast HDACs. Collective studies revealed that HDACs play critical roles in a 
variety of biological processes including inflammation, cell proliferation, apoptosis, 
and carcinogenesis(Chen, Zhao et al. 2015). The class I HDACs (HDAC1,2, 3, and 8), 
are constitutively nuclear proteins, whereas the class II HDACs (HDAC4, 5, 6, 7, 9, 
and 10) are expressed in a cell-specific fashion , and consistently shuttling between 
nucleus and cytoplasm(Chawla, Vanhoutte et al. 2003, Broide, Redwine et al. 2007, 
Haberland, Montgomery et al. 2009). Class III HDACs, also referred as sirtuins rely 
on NAD+ rather than zinc as a cofactor for its activity(Kida and Goligorsky 2015, 
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Salminen, Kauppinen et al. 2016, Song and Kim 2016, Zhang, Zhang et al. 2016). 
Class IV is only compsed of HDAC11, with little known function. 
 
The Histone Acetyltransferase Tip60 
Tip60 was initially identified as part of a complex with the HIV-1 tat protein. Given it 
is structure, it belongs to the MYST family of HATs. Human Tip60 exhibits 
ubiquitous expression pattern and has been shown by our work and others to express  
in a tissue /cell specific manner(Tang, Luo et al. 2006, Zhu, Singh et al. 2007, Sun, 
Jiang et al. 2009, Lorbeck, Pirooznia et al. 2011, Sarthi and Elefant 2011, Pirooznia 
and F. 2012, Johnson, Sarthi et al. 2013, Pirooznia and Elefant 2013).  As a highly 
conserved HAT, Tip60 predominantly locates  at nuclear region  to act as a 
transcriptional activator where to acetylates histone H3, H4 ,  H2A  and other non-
histone proteins such as transcription factors, kinases and other receptors.  Tip60 has 
also been shown to specifically acetylate certain histone marks, including H3K9, 
H3K14, H4K5, H4K12, H4K16. 
 
Tip60 contains two functional domains, including a N-terminal chromodomain and a  
C-terminal MYST domain.  The MYST domain carries out the catalytic HAT domain 
that catalyses the acetylation of histone and other non-histone proteins in addition to 
the zinc finger necessary for its HAT activity. Tip60 usually functions as part of a 
multiprotein complex, such asTip60/NuA4 complex, one includes 18 subunits 
including DNA helicase, ATPase, and other subunits required for chromatin 
remodeling(Ikura, Ogryzko et al. 2000). Tip60 has also been implicated in the 
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neurodegenerative disorder Alzheimer’s disease (AD) via a complex with Fe65 (an 
adaptor protein) and the AD associated amyloid precursor protein intracellular domain 
(APP-AICD) to form a transcriptionally active complex that is essential for 
downstream target gene regulation (Cao and Sudhof 2001, Slomnicki and Lesniak 
2008). Multiple studies have shown this complex to be recruited to the promoters of 
certain target genes where it epigenetically regulates gene transcription by acetylating 
certain histone proteins(von Rotz, Kohli et al. 2004, Ryan and Pimplikar 2005, 
Slomnicki and Lesniak 2008). Interestingly, aberrant expression of these putative 
AICD/Tip60 targets have been linked to the pathology of AD(Telese, Bruni et al. 
2005).  Therefore, inappropriate complex formation or recruitment may play a part in 
contributing or leading to pre-clinical AD-related neuropathology through a mis-
regulation of these downstream target genes. These findings suggest that it is likely 
that at least some of the pathology of Alzheimer’s disease could be due to a 
misregulation of histone acetylation and suggests at least a partial epigenetic basis for 
neurodegeneration and cognitive decline. However, a direct and causative epigenetic 
based role for Tip60 HAT activity in disrupting APP-mediated neuronal processes 
linked to the pathology of AD remains unclear. Investigating a role in Tip60 in a 
specific neuronal circuit such as axonal vesicle transport as well as its role in neuron 
formation and function during development will allow us to better elucidate the 
neuronal function of Tip60 in both neurodevelopment and neurodegeneration 
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Environmental Enrichment mediated positive enforcement in cognitive functions 
 
What is Environmental Enrichment? 
Back in 1960s, the famous Hubel and Wiesel experiment first established EE as an 
experimental paradigm to test what visual deprivation during development would 
cause morphological defects on primary visual cortex in kittens. This elegant work 
first expanded the scientific recognition in sensory processing (Wiesel and Hubel 
1965, Hubel and Wiesel 1979, Hubel and Wiesel 1998).  Subsequently, Rosenzweig 
and Bennett took a different approach using molecular and biochemical methods to 
evaluate how environmental complexity affects brain weights as well as learning and 
memory behaviors(Rosenzweig and Leiman 1968, Rosenzweig, Mollgaard et al. 1972, 
Bennett, Rosenzweig et al. 1974, Rosenzweig 1984, Rosenzweig, Bennett et al. 1993, 
Rosenzweig 1996, Rosenzweig and Bennett 1996, Rosenzweig 2003, Rosenzweig 
2007) Accordingly, these studies suggested  EE, as  external stimuli, can subsequently 
evokes plastic responses in the adult brain on multiple dimentions,  including 
neurogenesis, axonal and dendritic outgrowth , as well as improved learning and 
memory behaviors (Brenes, Lackinger et al. 2015, Clemenson and Stark 2015, 
Herczeg, Gonda et al. 2015, Iggena, Klein et al. 2015, Tomlinson, Leiton et al. 2015, 
Dostes, Dubreucq et al. 2016, Garthe, Roeder et al. 2016, Kapgal, Prem et al. 2016, 
McGinley, Sims et al. 2016, Vega-Rivera, Ortiz-Lopez et al. 2016). 
 
The standard EE conditioning is often a complex environment that provides a 
combination of increased social, intellectual and physical activities. Given the nature 
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of its complexity, it has been long wondered that which factor is more important in 
such EE setting. Previously, social interaction has been reported to affect emotional 
response in many species such as rodent (Branchi and Alleva 2006), primate (Strome, 
Wheler et al. 2002) and humans (Entringer, Buss et al. 2015). Exposure to social 
context during developmental stage was found to modulate the emotional response to 
stressful and challenging environments in the adult life (Branchi and Alleva 2006). 
Short-term EE exposure was found to completely ameliorate the stress-induced cell 
proliferation decrease and learning deficit in mice. (Veena, Srikumar et al. 2009). 
Interestingly, another recent study revealed intellectual trainings such as 
skill learning can increase the survival neuron numbers, especially when the training 
goals are challenging(Curlik and Shors 2013). 
 
As another facet of EE conditions, physical exercise has been shown to 
increase adult neurogenesis in the hippocampal region and enhance synaptic plasticity 
by activating the protein synthesis signaling pathways in the hippocampus. 
Specifically, such effect was induced by resistance exercise, which further supported 
the beneficial effects of resistance exercise on cognitive function (Suijo, Inoue et al. 
2013). Another study focused on cell proliferation in the adult dentate gyrus suggested 
that increases in neurogenesis required a minimum of 14 days exposure to exercise. 
Moreover, reliable increases in LTP were only observed after 56 days of running. 
These findings provided us a greater understanding of the time course of physical 
exercise needed to enhance dentate gyrus function. Interestingly, these results also 
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indicated that the new neurons produced in response to exercise do not contribute 
significantly to synaptic plasticity until they mature (Patten, Sickmann et al. 2013). 
 
Although many endeavors have been focusing on certain perspectives of EE 
conditioning, it is difficult to isolate each contributing factor from the whole context 
of EE.  EE as an all-around condition is promoting a wide-range of behaviors, 
including enhancing cognitive ability, learning and memory, and loco-motor 
functions. Various animal studies have demonstrated that both mental and physical 
training can modify this process by increasing the number of new neurons that mature 
into functional synapses in the adult brain. However, the mechanisms whereby these 
increases occur are not necessarily the same. A combination of mental and physical 
training is considered more beneficial for synaptic plasticity  and overall mental health 
than either activity alone (Curlik and Shors 2013). 
 
Environmental Enrichment promotes synaptic plasticity during early development 
 
During the animals’ life span, the effect of EE will have different consequences on the 
organization of the brain. Identifying the critical developmental periods exposing to 
EE has been investigated over the years by comprehended methods including 
electrophysiological, morphological and behavioral techniques. Hippocampus, as a 
structure known to play major role in learning and memory, is a region that has been 
intensely investigated. Previous work revealed EE only enhances neurogenesis in 
hippocampus in juvenile mice (Hosseiny, Pietri et al. 2015). Moreover,  4–6 weeks 
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postnatal period is crucial in determining hippocampal function in adulthood(Tanti, 
Westphal et al. 2013, Hosseiny, Pietri et al. 2015). In young adult mice, while the 
brain still undergoes massive synaptic remodeling, including reduction in dendritic 
arborization, axon myelination and pruning, the impact of EE on neurogenesis is non-
detectable(Hosseiny, Pietri et al. 2015). Interestingly, another study revealed exposure 
of mice to music has a positive influence on BDNF/TrkB signaling and its targets, and 
thus induces improved learning and memory performance (Chaudhury, Sharma et al. 
2016). Another study using rat suggested that the exposure to music during pregnancy 
increased neurogenesis in the hippocampus and enhanced spatial learning ability in rat 
pups(Kim, Lee et al. 2006). In humans, music, as a format of EE, was shown to play a 
critical role in the performance of higher order brain functions even at birth (Jusczyk 
and Krumhansl 1993). 
 
Another interesting perspective of EE conditioning is how the duration of EE exposure 
can impact certain signaling patheays such as growth factor expression. Interestingly, 
several studies have revealed long-term exposure (typically lasts more then 4-weeks) 
was required to fully express neurotrophins such as BDNF (Baroncelli, Sale et al. 
2010, Vazquez-Sanroman, Sanchis-Segura et al. 2013), induce 
neurogenesis(Schloesser, Lehmann et al. 2010) and promote cognitive function related 
behavior(Shum, Wu et al. 2007) (Vega-Rivera, Ortiz-Lopez et al. 2016). 
 
 
Effects of EE on synaptic plasticity 
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Efforts aimed at understanding what EE elicited structural changes, especially the ones 
focused on cortex and hippocampus during adulthood, found EE often enhancing 
animals’ cognitive related performance, such as learning and memory. One of the 
most commonly used laboratory based memory test involved in spatial memory, such 
as Morris water maze task (D'Hooge and De Deyn 2001). Multiple studies have 
supported that EE can enhance spatial learning and memory across animals’ genders 
and age (Galeano, Blanco et al. 2014, Monaco, Gebhardt et al. 2014, Sampedro-
Piquero, Zancada-Menendez et al. 2015, Fuchs, Cosquer et al. 2016). However, to this 
point, the cellular mechanisms underlying such enhancement elicited by EE is still 
remain unclear. Several studies have associated such phenomenon with increased 
hippocampal LTP, synaptic transmission and synaptic strength (Abraham, Mason-
Parker et al. 2006, Cui, Yang et al. 2006, Yang, Hou et al. 2007, Goshen, Avital et al. 
2009, Sampedro-Piquero, Zancada-Menendez et al. 2013, Bayat, Sharifi et al. 2015, 
Du, Wang et al. 2016). Interestingly, similar effects were also observed in human 
brain. A study published in 2004 revealed a stimulus-dependent alteration in the 
human brain's macroscopic structure. In this study, individuals were asked to train for 
juggling skills for a long period of time (three months), and subsequent brain scan 
revealed a transient and selective structural change in the brain areas where its 
function is associated with the processing and storage of complex visual motion 
(Draganski, Gaser et al. 2004). 
Synaptic connections have been considered as a form of information storage in the 
brain. Given previous observations on experience-dependent increase in synapse 
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numbers. However, the effect of these newly formed synapses on the specific 
connection in a given brain region still remained obscure. Apart from the neurogenesis 
perspective we previously discussed, EE also results in synaptic reorganization in the 
brain. A series of early experiments have shown EE conditioning can induce 
synaptogenesis and dendritic reorganization (Markham and Greenough 2004). 
Recently, EE has also been shown to promote pathologic neuroplasticity 
and plasticity-related gene expression. Animals undergoing motor learning can form 
more multiple synapses than their counterparts in cerebellar cortex (Federmeier, Kleim 
et al. 2002).  In addition to synapse numbers, experience also shapes the morphology 
of existing synapses. For example, the average size of postsynaptic density and , the 
shape of dendritic spine  in rats was found to increase in the visual cortex after 
exposure of EE. Dendritic spine serves as the primary neuron circuits for excitatory 
synaptic input onto neurons in hippocampus and cortex. Previously, it was observed a 
greater density of multiple-head dendritic spines on medium-sized spiny neurons of 
the in striatum rats reared in EE conditions(Comery, Stamoudis et al. 1996). 
Additionally, the shape of both pre-and post-synapse are found to change in response 
to EE, indication the morphology of synapse also reflects the state of a 
synapse(Oertner and Matus 2005, Cai, Courtine et al. 2006, Sng and Meaney 2009, 
Migliore, De Simone et al. 2015). Therefore, it appears that the synaptic plasticity is 
very sensitive to experience. 
 
EE Induced Synaptic Protein Production 
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Another perspective of EE induced synaptic plasticity is synaptic protein production. 
Many pre- and post- synaptic proteins are known to involve in modifying synaptic 
plasticity. The levels of presynaptic protein Synaptophysin and post-synaptic protein 
PSD-95 were found to increase through major brain regions, including anterior and 
posterior areas of the forebrain, hippocampus, thalamus, and hypothalamus under EE 
condition (Nithianantharajah, Levis et al. 2004). Exposure to EE was also found to 
significantly enhance the excitatory/inhibitory ratio of synaptic activity in pre-existing 
dentate granule cells located in the outer dentate granule layer in mice (Kajimoto, 
Valenzuela et al. 2016). Another study using chick also showed enhanced levels of 
synaptic protein including synaptophysin, synapsin I and PSD-95 in the hippocampus 
of developing chicks that were subjected to prenatal auditory stimulation(Chaudhury, 
Jain et al. 2010). Together, these studies supported that EE results in an increase in 
both pre- and post-synaptic protein production in multiple regions of the brain, and it 
is possible that such changes represent the underlying synaptic plasticity occurring in 
EE. 
 
EE elicits LTD and LTP 
Long-term EE has been found to elicit enduring effects on the adult brain, such as 
robust and weak forms of long-term potentiation (LTP) and long-term depression 
(LTD). One interesting study assessed whether short-term EE elicits alterations in 
hippocampal synaptic plasticity and if social context may play a role. Adult mice were 
exposed to EE for 14 consecutive days. Both robust LTP and LTD at Schaffer-
collateral-CA1 synapses in freely behaving mice were unaltered, whereas weak 
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LTP was significantly enhanced by EE. Of note, such effects were transient: weak 
LTP returned to control levels 1 week after cessation of EE. This study indicated that 
brief exposure to EE, particularly under social conditions can elicit lasting positive 
effects on synaptic strength that may have beneficial consequences for cognition that 
depends on synaptic plasticity (Buschler and Manahan-Vaughan 2012). In another 
study focused on senescent hippocampal physiology revealed that enrichment and 
exercise reversed age-related changes in long-term depression (LTD) and long-term 
potentiation (LTP). Animals in the enrichment group exhibited an increase in cell 
excitability, which suggested increased hippocampal activity associated with 
locomotion, contribute to reversal of senescent synaptic plasticity(Kumar, Rani et al. 
2012). 
 
In addition to hippocampus, cortical plasticity is another brain region that has been 
heavily investigated. Focusing on this region, EE was found to enhance the expression 
of the plasticity gene, egr-1, in the cortex of EE animals accompanied by enhanced 
cingulate LTP and decreased LTD. Furthermore, behavioral experiments also 
demonstrate EE enhanced responses to acute and long-term inflammation(Shum, Wu 
et al. 2007). 
 
In a word, repeated LTP and LTD induction can produce larger synaptic changes in 
EE conditions. Taken together, various studies supported that exposure to different 
behavioral experiences can produce long-lasting effects on the susceptibility 
to synaptic plasticity. (Artola, von Frijtag et al. 2006) 
	  19	  	  
 
Epigenetic regulatory mechanisms in EE intervention 
 
Epigenetic regulations of histone proteins and DNA play important roles for synaptic 
plasticity and cognitive function. Various research has revealed epigenetic alterations 
contribute to the pathologies of psychiatric disorders and neurodegenerative diseases. 
Notably, histone-acetylation, DNA-methylation and non-coding RNA mediated 
mechanisms have been linked to memory formation and to the pathogenesis of 
neurodegenerative diseases(Fischer 2014). 
 
It is well recognized that aberrant transcriptional regulation of memory-related genes 
may be reflective of an altered epigenetic landscape within the aged hippocampus, 
resulting in memory deficits that often come with aging. EE conditioning has been 
previously associated with epigenetic regulation of cognitive function linked genes 
under neurodegenerative conditions. While EE was found to reinstate cognitive 
function after significant brain atrophy, it was revealed that such reinstatement is 
associated with enhanced levels of histone acetylation. Interestingly, such EE induced 
restoration has been shown to be mimicked by HDAC inhibitor administration 
(Fischer 2007). Another more recent study found baseline resting levels 
for acetylation of histone H3 at lysine 9 and 14 (H3K9, K14ac) were altered in the 
aged hippocampus as compared to levels in the hippocampus of young adult 
rats(Morse, Butler et al. 2015). After EE, object learning was found to induce 
increases in H3K4me3 levels around the Bdnf, but not the Zif268, gene region in the 
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aged hippocampus and rescued memory deficits in aged adults indicating histone 
lysine methylation as a transcriptional mechanism by which EE may serve to restore 
memory formation with aging.(Morse, Butler et al. 2015) 
Another recent study reported that exposure to EE accelerated the closure of the 
Critical Period for ocular dominance plasticity in the rat visual cortex. Histone 
H3 acetylation was regulated in primary visual cortex in a developmental fashion, with 
enhanced levels being detectable early in enriched pups at BDNF P3 promoter region. 
Exposure to EE in adulthood up-regulated H3 acetylation, and such up-regulation is 
accompanied by a reopening of the critical period.  Administration of the HDAC 
inhibitor SAHA to animals reared in a standard cage mimicked the increase in H3 
acetylation observed in the visual cortex and resulted in an accelerated decay of OD 
plasticity(Baroncelli, Scali et al. 2016). Another interesting study explored the impact 
of EE on post-traumatic stress disorder (PTSD) by inducing innate fear response 
elicited by exposing to a predator. In this study, researchers showed that mice housed 
under EE conditions exhibits proactive and less anxious behavior when exposing to 
their predators. Interestingly, such predator exposure was also found to induce the 
activation of CaMKII/CREB, which is accompanied with increased levels of 
histone acetylation (H3, H4) and decreased histone deacetylases (HDAC1, 2)(Ragu 
Varman and Rajan 2015). 
 
Taken together, accumulating evidences suggest that the regulation of these epigenetic 
processes by modulatory factors, such as environmental stimuli, can substantially 
restore memory function under neurodegenerative conditions. 
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Another extensively researched epigenetic mechanism is DNA-methylation which is 
generally associated with gene-repression. In some cases, extensive DNA methylation 
triggers complete gene silencing (Sweatt 2009).  Interestingly, it was recently reported 
that the DNA methyltransferase (DNMT) inhibitor-induced deficit in memory 
consolidation, along with deficits in LTP, can be rescued by pharmacologically 
increasing histone acetylation levels prior to DNMT inhibition. Multiple studies have 
suggested that DNMT activity is dynamically regulated in the adult nervous system 
and DNMT plays a role in regulating the induction of synaptic plasticity in the mature 
CNS(Levenson, Roth et al. 2006, Miller and Sweatt 2007). 
It was revealed that in the induction of synaptic plasticity of adult hippocampus, the 
promoter regions of brain-derived neurotrophic factor coding genes changes rapidly 
and dramatically in cytosine methylation when DNMT activity was inhibited. 
Moreover, inhibitors of DNMT activity, zebularine and 5-aza-2-deoxycytidine, were 
found to block the induction of LTP at Schaffer collateral synapses. Activation of 
protein kinase C in the hippocampus decreased methylation at promoter region and 
increased DNMT gene expression (Levenson, Roth et al. 2006). These findings 
suggested that DNMT activity is not only necessary for memory formation and 
synaptic plasticity, but that DNA methylation may work in concert with histone 
modifications to regulate plasticity and memory formation in the adult rat 
hippocampus(Miller, Campbell et al. 2008). Therefore, a model was proposed that 
methylation of cytosines at CpG dinucleotides can recruit methyl-DNA binding 
proteins at specific sites in the genome. Proteins that bind to methylated DNA have 
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both a methyl-DNA binding domain and a transcription-regulatory domain. The 
transcription-regulatory domain recruits adapter/scaffolding proteins, which 
subsequently recruit HDACs to the site(Sweatt 2009). HDACs alter chromatin 
structure through removing acetyl groups from histone core proteins, leading to 
compaction of chromatin and transcriptional suppression. Thus, through this complex 
and highly regulated biochemical machinery, methylation of DNA can trigger 
localized regulation of the three-dimensional structure of DNA and its associated 
histone proteins. 
 
These findings suggested that environmental stimuli, along with genetic risk factors 
are essential in altering the epigenetic components involved in orchestrating 
transcriptional regulation of specific gene sets in brain. Therefore, the identification of 
such epigenetic modification markers would have tremendous potential for diagnosis 
and prevention of neurodegeneration in its course. More importantly, it would be 
invaluable for initiating early interventions and developing personalized treatment 
plans. 
 
Issues to consider for EE research in rodent model 
 
In EE studies, laboratory rodent models have been extensively tested as subjects to 
understand the mechanisms of how Environment factors contribute to disease 
pathology and potential interventions. However, based on current data, environmental 
influences have formed unclear conclusions, therefore affecting the interpretations of 
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experience-dependent mechanisms.  Of note, controlling these influences can be 
challenging since a wide variety of environmental influences can contribute to issues 
with reproducibility and potential intervention strategies (Nithianantharajah and 
Hannan 2006). 
 
Generally, as we previously discussed, environmental enrichment and voluntary 
exercise exhibited benefits across different animal models. However, the extent to 
which these environmental interventions have beneficial effects varies on parameters 
such as the structural complexity of the cage in the case of enrichment, the timing of 
the intervention and the nature of the control conditions. Another important factor to 
consider is housing density, which can directly affect environmental conditions within 
the cage and thereby potentially alter animals’ physiology and behavior. For example, 
a study that evaluated sleep, temperature and activity compared these measures in 
mice that were housed differently.  By housing the animals first as part of a trio, then 
individually, and finally individually with access to a shelter, the group revealed 
environmental stimuli modifies sleep in animals, but the environmental stability must 
be controlled carefully (Febinger, George et al. 2014). Therefore, clear definition and 
consistency of the EE conditioning are essential for reproducible science and provide 
illustrative examples of how valid preclinical studies can lead to conclusions relevant 
to clinical populations(Mo, Renoir et al. 2015). 
 
EE conditioning in other animal models 
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The influences of EE have been observed to be widely conserved across species. 
Although we mainly discussed the EE setting in the rodent models, such EE induced 
synaptic plasticity has been also observed in several invertebrate species. One 
interesting insect model is ants, which live a communal lifestyle within colonies that 
are closely associated with experience-dependent behavioral and morphological 
changes. Although the mechanisms that control the transition between social roles are 
not fully understood, these transitions were found to associate with extensive changes 
in gene expression profiles, indicating a role for epigenetic regulation (Simola, 
Graham et al. 2016). Another similar insect that has been widely studied is honeybees 
that progress through a similar social transitions in the hive structure. Interestingly, 
such transitions were found to involve in experience-dependent changes in the brain 
regions like mushroom bodies (Withers, Fahrbach et al. 1993)and antennal 
lobes(Winnington, Napper et al. 1996, Sigg, Thompson et al. 1997, Morgan, Butz 
Huryn et al. 1998). With a wide variety of genetic tools, the fruit fly D.melanogaster 
serves as an excellent model for understanding genetic based behavioral and 
morphological changes. Interestingly, social experience was found to induce 
significant changes in neuropil structure throughout Drosophila brain (Dittrich, 
Bossing et al. 1997, Heisenberg 2003, Fischer, Raabe et al. 2009). In these studies, the 
number of MB fibers as well as the Kenyon neurons were significantly increased 
under EE conditions comparing to their socially isolated siblings(Technau 2007, 
Donlea 2009). Although little has been found for neurogenesis in the MBs of adult fly, 
BrdU labeling revealed a significant increase in neurogenesis in the adult crickets 
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MBs that were housed in EE conditions for several days(Scotto Lomassese, Strambi et 
al. 2000, Scotto-Lomassese, Strambi et al. 2002, Cayre, Malaterre et al. 2005). 
 
Collectively, these important studies suggest that complex sensory cues that 
accompany with social interactions in the fly induce plastic mechanisms that alter the 
structure of the MBs, an important structure for associative learning in the fly. Further 
investigations have found that deprivation of visual stimuli by housing flies in 
complete darkness also alters the structure of several other neuron circuits that are 
involved in visual processing. In complete darkness wild-type flies grow larger 
calyces under EE conditions comparing to their socially deprived counterparts. 
Interestingly, such EE induced effect was not observed in any of the cAMP mutants, 
including memory associated gene rutabaga, which indicates EE promotes synaptic 
plasticity by regulating gene expression (Barth and Heisenberg 1997). 
 
Taken together, these important studies suggest that complex external stimuli cues 
together with social interactions in the fly induce plastic mechanisms that alter the 
structure of important brain regions in the fly. Of note, these observations are 
consistent with our previously discussed studies that are primarily done in the rodent 
models, suggesting insects, especially Drosophila, as an excellent model for 
understanding EE induced neuroadaptive benefits in the brain. 
 
EE restores Alzheimer’s Disease associated cognitive impairment 
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The pathology of Alzheimer’s Disease 
 
Epidemiological studies in humans suggest that environmental influences, including 
cognitive activity, social interactions, and physical exercise, may all contribute to 
delay the onset of dementia in AD(Paradise, Cooper et al. 2009). One important 
question to consider in human aging progression is whether environmental enrichment 
can slow down the development of aging related neurodegenerative conditions, such 
as Alzheimer Disease (AD). Although EE has been established to improve memory 
formation and promoting its neuroanatomical and biochemical substrate. The 
molecular mechanisms underlying such influence still remains unclear. Accumulated 
studies has shown transgenic mice that express human APP are found to exhibit an 
improvement in cognitive deficits by exposing to EE. (Jankowsky, Xu et al. 2003, 
Lazarov, Robinson et al. 2005, Wolf, Kronenberg et al. 2006, Pop, Head et al. 2010, 
Valero, Espana et al. 2011, Cotel, Jawhar et al. 2012, Dong, Zhou et al. 2012, 
Maesako, Uemura et al. 2012, Beauquis, Pavia et al. 2013, Li, Jin et al. 2013). Li et al 
revealed for mice exposed to novelty alone showed more electrophysiological benefit 
than those solely engaging in physical activities. Moreover, they found novelty 
exploration causes an increase in activity of the locus coeruleus and hippocampal 
norepinephrine release(Sara, Vankov et al. 1994), indicating that physical exercise 
alone was less effective than novelty training in protecting against cognitive deficits in 
APP transgenic mice(Cracchiolo, Mori et al. 2007). 
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AD, as the most common neurodegenerative disorder and cause of aging-related 
dementia, is a progressive age-related disease. It is further characterized by synapse 
loss and plaque accumultation that appears to precede overt neurodegeration in the 
brain. One of the most extensively researched component of the plaques is 40–42 
amino acid polypeptide beta-amyloid (Aβ, Aβ40, and Aβ42) that is derived from the 
larger amyloid precursor protein (APP) by proteolytic cleavage(Glenner and Wong 
1984).  Aβ–Aβ42, being the more neurotoxic because of its propensity to readily 
aggregate into oligomers and fibrils(Blennow, Mattsson et al. 2015, Fu, Aucoin et al. 
2015). Another pathological hallmark of AD is the appearance of neuronal aggregates 
composed of the highly phosphorylated protein tau(Grundke-Iqbal, Iqbal et al. 1986). 
Under normal conditions, tau stabilizes microtubules. However, under pathological 
conditions, the basal phosphorylated ratio of tau elevates(Kopke, Tung et al. 
1993),which leads to its dissociation from microtubules and subsequent formation of 
aggregates that lead to neuronal dysfunction and synapses loss(Iqbal, Alonso Adel et 
al. 2005).  Interestingly, APP intracellular domain (AICD) levels are also found to 
elevate in the brains of AD patients , which caused hyper-phosphorylation and 
aggregation of tau protein, that contribute to the pathology of AD(Ghosal, Vogt et al. 
2009, Margevicius, Bastian et al. 2015, Multhaup, Huber et al. 2015). 
 
Another interesting perspective of understand aging-related neurodegenerative 
diseases is to consider it in the context of immune system communication. Since the 
mediators of immune system can affect the nervous system at both peripheral and 
central levels, it is currently well recognized that the immune cells in the nervous 
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system play a neuroprotective role in neurological disorders by inhibiting oxidation 
and inflammation(Gemma 2010, Pizza, Agresta et al. 2011). Therefore, the aging-
induced and progressive accumulation of immune cells in brain area might have a 
causative impact on the progressive cognitive impairment (Marx, Blasko et al. 1998, 
Stichel and Luebbert 2007).  Age-related peripheral chronic inflammation can also 
influence neurons in the CNS, leading to neuro-inflammation and neuro-oxidation, 
which play a key role in the behavioral and cognitive deficits associated with aging 
and age-related diseases such as AD(Goldeck, Witkowski et al. 2016, Horgusluoglu, 
Nudelman et al. 2016, Marciani 2016). 
 
HAT function and environmental enrichment (EE) in cognitive restoration 
 
Environmental stimuli provide neurons in the brain with instructive information that 
shapes synaptic connections to impact cognitive ability. One of the most important of 
environmental stimuli driven behavioral changes is learning and memory behavior, as 
it directly impacts cognitive ability (Levenson and Sweatt 2005, Carulli, Foscarin et al. 
2011, Nelson and L.M.Monteggia 2011, West and Greenberg 2011).   Therefore, 
environmental enrichment (EE) conditions have profound beneficial effects for 
reinstating cognitive ability in neuropathological conditions such as Alzheimer’s 
disease (AD). In the brain, external stimuli is converted into intracellular signals that 
affect expression of specific gene sets that promote substantial synaptic plasticity and 
cognitive abilities(Sweatt 2009, Riccio 2010, Carulli, Foscarin et al. 2011).  
Disturbance of such response systems have been shown to lead to significant cognitive 
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disorders(West and Greenberg 2011, Ebert and Greenberg 2013, Pirooznia and Elefant 
2013).  However, the mechanisms underlying how environmental stimuli are 
converted into regulation of activity-dependent neuronal gene expression programs 
still remain unclear. 
 
Recently, accumulated evidence has shown epigenetic post-translational modifications 
(PTMs) of histone proteins, specifically the ones involve in histone acetylation, that 
control nuclear chromatin packaging and gene expression profiles are emerging as a 
fundamental mechanism by which neurons adapt their transcriptional response to 
environmental cues(Feng, Fouse et al. 2007, Sweatt 2009, Boursiges, Vasconcelos et 
al. 2010, Meaney and Ferguson-Smith 2010, Riccio 2010, Nelson and L.M.Monteggia 
2011, Pirooznia and F. 2012).  The potential explanation is that environmental stimuli 
can drive changes in chromatin modifications.  Such changes further allow for 
activity-dependent transcriptional responses that mediates sustained variation in neural 
function (Sweatt 2009, Riccio 2010, Graff, Woldemichael et al. 2012, Bousiges, Neidl 
et al. 2013). 
 
Histone acetylation is one of the most extensively researched chromatin packaging 
regulation in the context of neuronal system. By creating site specific histone 
modification marks to affect chromatin access of gene activation that specifically 
involves in maintaining higher order brain functions (Bousiges, Vasconcelos et al. 
2010, Meaney and Ferguson-Smith 2010, Riccio 2010, Pirooznia and F. 2012, 
Bousiges, Neidl et al. 2013, Pirooznia and Elefant 2013). As the ‘writer’ of histone 
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acetylation, there is still comparatively limited data on its role in memory formation. 
One well characterized HAT is CREB-binding protein CBP. Elegant work has shown 
CBP triggers synaptic plasticity associated gene activation in responding to external 
stimuli by using activity dependent signaling pathways[21]. Interestingly, CBP 
deficient mice exhibited impairment in EE induced postive neuroadaption including 
hippocampal neurogenesis, synaptic transmission and histone acetylation based gene 
transcriptional activation. These findings suggested that CBP plays a criticle role in 
mediating EE induced benefits. Accordingly, many findings also dirctly linked histone 
acetylation programs with some cognitive disorders(Peleg, Sananbenesi et al. 
2010),(Graff and Mansuy 2009, Graff, Rei et al. 2012), such as Alzheimer’s 
disease(Stilling and Fischer 2011, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 
2013), Hungtington’s disease(Steffan, Bodai et al. 2001) and Rubinstein-Taybi 
syndrom. 
 
Collectively, these findings suggest that identifying specific HATs that mediate 
cognitive function in response to external stimuli and elucidating mechanisms by 
which HAT attribute to EE mediated cognitive restoration under neurodegenerative 
conditions. 
 
Tip60’s Neuroprotective Role In Aging-related Neurodegenerative Disease 
 
Work from our lab in the past decade has helped gained much insight into HAT based 
mechanisms underlying cognition and neuropathology using our unique fly models. 
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We found Tip60 HAT activity controls a variety of activity-dependent cognition 
linked processes and epigenetically regulates transcriptional profiles of genes enriched 
for these functions (Lorbeck, Pirooznia et al. 2011, Sarthi and Elefant 2011, Pirooznia 
and F. 2012, Pirooznia, Chiu et al. 2012, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi 
et al. 2013, Pirooznia and Elefant 2013, Pirooznia and Elefant 2013). Accumulating 
evidence indicates that signaling between neurons is interrupted at early stages of 
Alzheimer’s disease (AD), and our recent studies identify dysregulation of Tip60 HAT 
activity as a contributing factor to such early neuronal dysfunction.    We utilized a 
well characterized AD fly model and we uniquely adapted to produce varying levels of 
Tip60 HAT activity in cell types of choice(Zhu, Singh et al. 2007, Lorbeck, Pirooznia 
et al. 2011, Pirooznia, Sarthi et al. 2012). We demonstrated that loss of Tip60 HAT 
activity in AD flies activates pro-apoptotic gene expression and exacerbates apoptotic-
driven neurodegeneration in the AD fly brain(Pirooznia, Sarthi et al. 2012).  In 
contrast, increasing in vivo Tip60 levels in AD flies causes repression of a “cassette” 
of pro-apoptotic genes and promotes induction of pro-survival genes that rescues 
neurodegeneration in the AD fly brain.(Pirooznia, Sarthi et al. 2012) Importantly, we 
discovered that increasing in vivo Tip60 HAT levels in the nervous system of AD flies 
also beneficially enhances a variety of activity-dependent cognitive processes known 
to be impaired during early AD neurodegenerative progression that include axonal 
outgrowth(Pirooznia, Chiu et al. 2012, Pirooznia and Elefant 2013) and 
transport(Johnson, Sarthi et al. 2013), and restores associated disrupted complex 
abilities that include learning and memory(Xu, Wilf et al. 2014, Xu and Elefant 2015), 
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sleep cycles(Pirooznia, Chiu et al. , Pirooznia and Elefant 2013) and locomotor 
function(Johnson, Sarthi et al. 2013). 
 
Together, we showed Tip60, as another important HAT, plays an important role in 
early AD progression via epigenetic reprogramming of select genes sets that redirect 
cell fate control balance from neuronal cell death towards cell survival (Pirooznia and 
F. 2012, Pirooznia and Elefant 2013, Xu, Wilf et al. 2014, Xu and Elefant 2015).  
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Chapter 2: Epigenetic control of learning and memory in Drosophila by Tip60 
HAT action 
 
ABSTRACT 
 
Disruption of epigenetic gene control mechanisms in the brain causes significant 
cognitive impairment that is a debilitating hallmark of most neurodegenerative 
disorders including Alzheimer’s disease (AD).   Histone acetylation is one of the best 
characterized of these epigenetic mechanisms and is critical for regulating learning 
and memory associated gene expression profiles, however the specific histone 
acetyltransferases (HATs) that mediate these effects have yet to be fully characterized.   
Here, we investigate an epigenetic role for the HAT Tip60 in learning and memory 
formation using the Drosophila CNS mushroom body (MB) as a well-characterized 
cognition model.  We show that Tip60 is endogenously expressed in the Kenyon cells, 
the intrinsic neurons of the MB and in the MB axonal lobes.   Targeted loss of Tip60 
HAT activity in the MB causes thinner and shorter axonal lobes while increasing 
Tip60 HAT levels cause no morphological defects.   Functional consequences of both 
loss and gain of Tip60 HAT levels in the MB are evidenced by defects in immediate 
recall memory.   Our ChIP-Seq analysis reveals that Tip60 target genes are enriched 
for functions in cognitive processes and accordingly, key genes representing these 
pathways are misregulated in the Tip60 HAT mutant fly brain.  Remarkably, we find 
that both learning and immediate recall memory deficits in an AD Drosophila model 
can be effectively rescued by increasing Tip60 HAT levels specifically in the MB.   
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Together, our findings uncover an epigenetic transcriptional regulatory role for Tip60 
in cognitive function and highlight the potential of HAT activators as a therapeutic 
option for neurodegenerative disorders. 
INTRODUCTION 
The ability of living organisms to respond to a constantly changing environment and 
fine-tune their complex behaviors accordingly is crucial for their adaptation and 
survival throughout development (Al-Saigh, Elefanti et al. , Levenson and Sweatt 
2005, Borrelli, Nestler et al. 2008, West and Greenberg 2011).   One of the most 
important of such experience-driven behavioral changes is learning and memory 
formation, as it directly impacts cognitive ability (Levenson and Sweatt 2005, Carulli, 
Foscarin et al. 2011, Nelson and L.M.Monteggia 2011, West and Greenberg 2011).    
In the brain, external stimuli are converted into intracellular signals that program 
coordinated expression of specific gene sets that promote sustained neuroplasticity and 
cognitive adaptation (Sweatt 2009, Riccio 2010, Carulli, Foscarin et al. 2011).  
Disruption of these response programs results in significant cognitive impairment 
disorders (West and Greenberg 2011, Ebert and Greenberg 2013, Pirooznia and 
Elefant 2013).   Epigenetic post-translational modifications (PTMs) of histone proteins 
that control nuclear chromatin packaging and gene expression profiles are emerging as 
a fundamental mechanism by which neurons adapt their transcriptional response to 
environmental cues(Feng, Fouse et al. 2007, Sweatt 2009, Boursiges, Vasconcelos et 
al. 2010, Meaney and Ferguson-Smith 2010, Riccio 2010, Nelson and L.M.Monteggia 
2011, Pirooznia and F. 2012).   One of the best characterized form of epigenetic 
chromatin modification in the learning and memory field is histone acetylation 
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(Peixoto and Abel 2013), which is regulated by the antagonistic activities of histone 
acetyltransferases (HATs) and histone deacetylases (HDACs) (Legube and Trouche 
2003). Blocking histone acetylation has been reported to impair both long lasting 
synaptic plasticity as well as behavioral performance (Korzus, Rosenfeld et al. 2004). 
Notably, inhibition of histone deacetylase activity reverses such deficits and improves 
memory formation (Korzus, Rosenfeld et al. 2004, Levenson, O'Riordan et al. 2004), 
thus highlighting the importance of histone acetylation for memory formation. 
Cognitive decline is a debilitating feature of most neurodegenerative diseases of the 
central nervous system including Alzheimer’s disease (AD).   Cognitive capacities in 
the neurodegenerating brain are thought to be constrained by an epigenetic blockade 
of gene transcription that is potentially reversible (Graff, Rei et al. 2012).   Several 
recent studies have reported sporadic cases of reduced histone acetylation in animal 
models of neurodegeneration that are characterized by cognitive decline, including 
models of AD. Accordingly, pharmacological treatments aimed at increasing histone 
acetylation levels have shown promising effects in reversing cognitive deficits in such 
models (Kazantsev and Thompson 2008). However, little is known about HATs that 
modify the neural epigenome by laying down specific epigenetic marks required for 
proper cognition and thus, likely serve as causative agents of memory impairing 
histone acetylation changes.   A promising candidate is the HAT, Tip60 that has been 
implicated in Alzheimer’s disease (AD) owing to its role in epigenetically regulating 
gene expression via complex formation with the amyloid precursor protein (APP) 
intracellular domain (AICD) (Cao and Sudhof 2001, Cao and Sudhof 2004). 
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Tip60 (Tat interactive protein, 60KDa) is a multifunctional HAT that has been shown 
by others and us to epigenetically regulate genes essential for neurogenesis (Lorbeck, 
Pirooznia et al. 2011, Pirooznia, Sarthi et al. 2012). Such an effect is thought to be 
mediated through recruitment of Tip60 containing protein complexes to target gene 
promoters in the nervous system that are then epigenetically modified via site-specific 
acetylation and accordingly activated or repressed. We have recently reported that the 
histone acetylase function of Tip60 promotes neuronal and organismal survival in a 
Drosophila model for AD by activating pro-survival factors while concomitantly 
repressing activators of cell death (Pirooznia, Sarthi et al. 2012). Overexpression of 
Tip60 also promotes axonal growth of the Drosophila circadian neurons, the small 
ventrolateral neurons (sLNvs) and rescues axonal outgrowth and transport as well as 
associated behavioral phenotypes such as sleep and locomotion under APP induced 
neurodegenerative conditions (Pirooznia, Chiu et al. 2012). While these effects 
support a neuroprotective role for Tip60 under degenerative conditions such as those 
induced by neuronal overexpression of APP, an epigenetic role for Tip60 in mediating 
gene expression changes that underlie memory formation remains to be elucidated. 
Drosophila is an attractive model for studies focused on molecular dissection of 
components of memory formation due to the availability of reproducible memory 
assays and genetic tools that enable restricting gene expression manipulation to 
specific subregions of the brain (Fitzsimons and Scott 2011). The Drosophila MB is 
deemed as the learning and memory center, analogous to the mammalian hippocampus 
as it is known to regulate a range of behavioral and physiological functions that range 
from olfactory learning, courtship conditioning to decision making under uncertain 
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conditions (Heisenberg 2003). Courtship conditioning in Drosophila is a complex 
behavioral learning paradigm that requires multimodal sensory input, involving 
chemosensory, mechanosensory, visual and olfactory pathways and is thus well suited 
to study experience dependent synaptic plasticity (Mehren, Ejima et al. 2004). 
In this study, we focus on the Drosophila mushroom body (MB) as a well-
characterized cognition model to investigate an epigenetic role for Tip60 HAT action 
learning and memory formation.   We find that Tip60 is robustly produced in the MB 
of the adult fly brain.  Targeted loss of Tip60 HAT activity in the MB causes abnormal 
development of the MB axonal lobes, while increasing Tip60 HAT levels causes no 
morphological defects.   Further, we show that misregulation of Tip60 HAT activity in 
the MB leads to immediate recall memory deficits in adult flies.   Our ChIP-Seq 
analysis reveals that Tip60 target genes are enriched for functions in cognitive 
processes and accordingly, key genes representing these pathways are misregulated in 
the Tip60 HAT mutant fly brain.  Importantly, we show that both learning and short-
term memory defects in an AD Drosophila model can be effectively rescued by 
increasing Tip60 HAT levels in the MB.   Together, our studies uncover an epigenetic 
transcriptional regulatory role for Tip60 HAT action in cognitive function and 
highlight the therapeutic potential of utilizing specific HAT activators for treatment of 
cognitive deficits in neurodegenerative disorders. 
METHODS 
Fly Stocks and Maintenance 
Flies were reared on standard medium (cornmeal/sugar/yeast) at 25 degrees with a 12-
h light/dark cycle. Canton S flies were used as wildtype controls. OK107-GAL4 and 
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UAS-GFP stocks were obtained from the Bloomington Drosophila stock center 
(Indiana University). The generation and characterization of UAS-dTip60E431Q and 
UAS-dTip60WT flies are described in (Lorbeck, Pirooznia et al. 2011) and (Heisenberg 
2003), respectively. Double transgenic lines carrying the UAS-mCD8-GFP and either 
UAS-dTip60E431Q or UAS-dTip60WT constructs were generated according to standard 
procedures 
Courtship Suppression Assay: 
Assays were performed as described in (Melicharek, Ramirez et al. 2010). Briefly, 
virgin males of the appropriate genotype were collected within 6 hr of eclosion, and 
reared in individual food vials at 25°C in 12:12 LD for 5 days prior to behavioral 
training and testing. Virgin wild type Canton S females were collected and kept in 
groups in food vials. Mated Canton S females used for training were 5 days old and 
observed to have mated with a Canton S male the evening prior to training. Virgin 
Canton S females used for testing were 5 days old. All experiments were conducted 
during light phase. All behavior was digitally recorded using a Sony DCR-SR47 
Handycam with Carl Zeiss optics. The total time that a male performed courtship 
activity was subsequently measured and scored. The courtship index was calculated as 
the total time observed performing courting behavior divided by the total time 
assayed. 
On the day of training (day 5), male flies were assigned to random groups, and the 
assay set up with the experimenter blind to the genotype of the test males. Male flies 
were transferred without anesthesia to one half of a partitioned mating chambers from 
Aktogen (http://www.aktogen.com) that contained a previously mated Canton S 
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female in the other partitioned half. Males were allowed to acclimate for 1 min, then 
the partition between the male and female was removed. Male flies were then trained 
for 60 min. After 60 min, male flies were transferred within 2 min without anesthesia 
to one half of a clean partitioned mating chamber that contained a virgin Canton S 
female in the other partitioned half. The partition was removed and behavior of the 
flies was recorded for 10 min. During the testing phase, untrained males of the 
appropriate genotype were assayed alongside the trained males to serve as controls. To 
determine the significance between different measures of the same genotype, a two-
tailed paired Student’s t-test was performed. Significance was determined at the 95% 
confidence interval. 
Immunohistochemistry and antibodies 
Third instar larvae or adult brains were dissected in PBS, fixed in 4% 
paraformaldehyde in PBS, washed thrice in PBS containing 0.1%Triton X-100, 
blocked for 1 hr at RT in PBT containing 5% normal goat serum, and incubated with 
primary antibodies in blocking solution overnight at 4 C. Anti-Tip60 (1:400) was 
generated by Open Biosystems (Rockford, IL), Anti-Fasciclin (mAb1D4; 1:10), anti-
Trio(mAb9.4A; 1:4), anti-ELAV (1:400) were obtained from the Developmental 
Studies Hybridoma Bank (DSHB, University of Iowa, IA). Anti-GFP (1:100) was 
obtained from Millipore (CA). Samples were washed thrice in PBT at RT, and 
secondary antibodies (Jackson Immunoresearch, PA ) were applied in blocking 
solution for 2 hrs at RT. After washing thrice in PBS, samples were mounted in 
Vectashield (Vector Laboratories, CA). 
Imaging and quantification 
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Larval and adult brain preparations were imaged using the appropriate secondary 
antibodies. Anti-GFP and anti-Tip60 immunostaining were visualized using Alexa-
Fluor 488 and Alexa-Fluor 647, respectively. Anti-Elav, anti-Fasciclin, anti-Trio were 
visualized using Alexa-Fluor 568. Confocal microscopy was performed using 
Olympus Microscope with fluoview acquisition software (Olympus, Center Valley, 
PA). Images were displayed as projections of 1uM serial Z- sections. Area of the 
mushroom body lobes in the different genotypes was measured using NIH ImageJ 
software, 
Real-time PCR analysis. 
Total RNA was isolated from adult fly heads using the RNeasy Plus Mini Kit 
(QIAGEN). cDNA was prepared using the SuperScript II reverse transcriptase kit 
(Invitrogen) according to the manufacturer’s instructions with 1 µg total RNA and 
0.2µg/ml random hexamer primers (Roche Applied Science). PCRs were performed in 
a 20 µl reaction volume containing cDNA, 1µPower SYBR Green PCR Master Mix 
(Applied Biosystems), and 10 µM both forward and reverse primers (primer pairs 
available upon request). PCR was performed using an ABI 7500 Real- Time PCR 
system (Applied Biosystems) following the manufacturer’s instructions. Fold change 
in mRNA expression was determined by the ΔΔCt method (Livak and Schmittgen, 
2001). 
Cell culture 
Drosophila S2 cells (Invitrogen, Carlsbad, CA ) were grown at 22°C in Schneider's 
Drosophila Medium (Invitrogen, Carlsbad, CA) supplemented with 10% heat 
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inactivated Fetal Bovine serum (SAFC Biosciences, Lenexa, KS) and Penicillin-
Streptomycin (Invitrogen, Carlsbad, CA) 
ChIP-Seq 
Chromatin from S2 cells was prepared as follows.   Protein from 1-5 x 107 cells was 
cross-linked to DNA using 1% formaldehyde for 10 mins at room temperature. Cross-
linking was quenched by adding 2.5M glycine to a final concentration of 0.125M. 
Quenching was performed at room temperature for 10 minutes with constant agitation. 
The cells were the pelleted by centrifugation for 10 mins at 2500 rpm at 4oC. The cells 
were washed with 1 mL of 1X PBS, pelleted by centrifugation for 10 mins at 2500 
rpm at 4oC. The pellet was then resuspended in 1 mL of Cell Lysis Buffer 
supplemented with 5uL each of protease inhibitor cocktail (PIC) and PMSF. The cells 
were transferred to an ice cold douncer and dounced on ice to aid in release of nuclei. 
Lysed cells were transferred to a 1.7ml centrifuge tube and centrifuged for 10 min at 
5000 rpm at 4oC to pellet the nuclei. The supernatant was removed and the pelleted 
nuclei were resuspended in 350 ul of Shearing Buffer supplemented with 1.75ul each 
of PIC and PMSF. The nuclei were sonicated at 30% output using Sonic dismembrator 
(Fischer Scientific, Pittsburg, PA) on ice for 40 seconds. Sonication was carried out 
for a total of 3 times with 2 min intervals on ice yielding sheared chromatin fragments 
ranging from 200-500bp. 
Chromatin precipitation assays were performed using ChIP-IT Express Kit (Active 
Motif), following the manufacturer’s instructions.  Briefly, ChIP was carried out with 
50ug of sheared chromatin using three different antibodies: A) 10 ug of RNA Pol II 
antibody (Abcam, Cambridge, MA); B) 10 ug of Tip60 antibody that targets residues 
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450-513 in the C-terminus of Tip60 (Abcam, Cambridge, MA); C) 10 ug of Tip60 
antibody that targets residues 500-513 in the C-terminus of Tip60 (Thermo Fisher 
Scientific, Huntsville, AL).   A mock reaction containing all reagents except the 
antibody was also set up as a control.   The chromatin was immunoprecipated using 
the ChIP IT Express kit (Active Motif) exactly following the manufacturer’s 
specifications. The eluted material from the immunoprecipitation was then purified 
using QIAquick PCR purification kit (Qiagen) and was directly used for real-time 
PCR. 
DNA library preparation and sequencing of ChIP DNA samples was carried out by the 
Jefferson Kimmel Cancer Center (KCC), Cancer Genomics Shared Resource (CGSR).   
Sequencing of ChIP DNA samples was performed using the Illumina HiSeq2000 
platform. 
Bioinformatic Analysis 
Peak-calling 
MACS v1.4 peak-calling algorithm was used to find over-represented sequence 
regions (peaks) representing likely in vivo binding sites for Tip60 or RNA Pol II, and 
the final set of significant peaks was produced in interval (BED) format. Prior to peak 
calling, BAM files of biological replicates for each antibody or input were merged 
together. Peak calling with MACS was done using the online Galaxy platform with the 
following parameters: mfold=5, tag size=35nt, p-value cutoff=1e-05, genome 
size=130e+06, FutureFDR=true. 
Gene annotation of ChIP-Seq peaks 
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ChIP-Seq peaks in the form of genomic intervals (BED file) were intersected with 
genomic coordinates of genes in the D. melanogaster genome annotation release 
R5.56 (ftp://ftp.flybase.net/releases/FB2014_02/) using the Galaxy platform 
(https://usegalaxy.org/) and gene identifiers were confirmed and converted where 
necessary for further analysis using the UCSC table browser 
(http://genome.ucsc.edu/). 
 
Functional annotation and cluster enrichment 
Functional annotation and enrichment cluster analysis of Tip60-associated gene list 
was performed using The Database for Annotation, Visualization and Integrated 
Discovery (DAVID ) v6.7, and Gene Annotation Co-occurrence Discovery 
(GeneCodis) v3 (http://genecodis.cnb.csic.es/). P-values for significant enrichment 
were obtained with a hypergeometric test and corrected for multiple comparisons by 
FDR. Pathway enrichment was determined using the pathway enrichment module of 
the FlyMine integrated genomics database platform. 
Tissue-specific expression profiles 
Tissue-specific expression data for the 321 Tip60-associated genes were obtained 
from FlyAtlas (Chintapalli et al., 2007) using the FlyMine integrated genomics 
database (Lyne et al., 2007). 
TF motif enrichment 
TF motif enrichment analysis was performed on Tip60-associated neuronal genes 
using the MEME-ChIP suite (Machanick & Bailey, 2011), RSAT (Thomas-Chollier et 
al., 2011; 2012) and Motif Enrichment Tool. TF motif databases utilized for 
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comparison with discovered motifs included JASPAR Core Insects, FlyFactorSurvey, 
DMMPMM, and IDMMPMM drosophila databases. As each tool employs a different 
algorithm for determining significance of motif enrichment and database match, where 
database matches are identified by more than one tool, significance values reported in 
this work represent the most conservative significance value found. 
 
RESULTS 
Tip60 is expressed throughout the adult fly brain including the mushroom body. 
Given the importance of brain specific histone acetylation profiles in cognitive 
function, we wished to examine whether the HAT Tip60 was produced in the adult fly 
brain.   Tip60 production in the adult fly brain was characterized by 
immunohistochemistry on whole mount Canton S adult brains using an anti-
Drosophila Tip60 antibody.   We found that Tip60 was robustly and widely produced 
throughout the adult brain in a pattern similar to the pan-neuronal ELAV protein 
including the mushroom body (MB) lobes (Figure 1, A-C).   To examine Tip60 
concentration in the MB, immunohistochemistry for Tip60 was performed on brains 
expressing mCD8-GFP under control of the MB specific driver OK107-GAL4 that 
marks MB structure.   In the MB neurons, called Kenyon cells, mCD8-GFP was 
observed in the cytoplasm surrounding the Tip60 positive nuclei and Tip60 was 
detected in all cells that expressed mCD8-GFP (Figure 1, E-F). 
During development, the Kenyon cells of the MB undergo an ordered differentiation 
process into three types of neurons, namely, the α/α’ neurons, β/β’ neurons and γ 
neurons (Lee, Lee et al. 1999). Each neuron projects dendrites that contribute to a 
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large dendritic field in the calyx and an axon that travels anteroventrally, forming a 
tightly bundled peduncle before branching dorsally to form the α/α’ lobes and 
medially to form the β/β’ and γ lobes. In addition to the Kenyon cells, Tip60 was also 
detected in the α/α’, β/β’ and γ lobes (Figure 2A and 2D). Specific MB lobes were 
unambiguously identified immunohistochemically by co-staining with markers 
specific for each of the lobes. Fasciclin II (Fas II) is a cell adhesion molecule that 
participates in axonal pathfinding (Fushima and Tsujimura 2007) and is expressed 
strongly in the α/ β lobes (Figure 2B) (Crittenden, Skoulakis et al. 1998). Drosophila 
Trio is a Dbl family protein that participates in patterning of axons by regulating their 
directional extension and is expressed strongly in the α’/β’ lobes (Figure 2E) 
(Awasaki, Saito et al. 2000). Both markers are produced weakly in the γ lobe as well 
(Figure 2B and 2E)(Bates, Sung et al. 2010).  Tip60 production pattern in the α/ β and 
α’/β’ lobes followed the pattern of Fas-II and Trio, respectively (Figure 2C and 2F). 
Appropriate Tip60 HAT levels are required for immediate recall memory. 
Our finding that Tip60 is endogenously and robustly produced in the adult MB 
prompted us to ask whether Tip60 epigenetically regulates memory formation.  To 
address this question, we used the conditioned courtship suppression assay (Siegel and 
Hall 1979). This assay is an associative conditioning procedure that measures both 
learning and memory in individual flies (Broughton, Tully et al. 2003). The 
conditioning aspect of the assay is based on the observation that male courtship 
behavior is modified by exposure to a previously mated female that is unreceptive to 
courting (Siegel and Hall 1979, Siwicki, Riccio et al. 2005). Thus, after a one-hour 
training session with a mated female, wild type males suppress their courtship 
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behavior even towards subsequent receptive virgin females, an effect that decays after 
1-3 hrs (Kamyshev, Iliadi et al. 1999). 
In order to examine the effect of Tip60 HAT function on learning and memory, we 
misregulated Drosophila Tip60 in the mushroom body by utilizing our previously 
reported transgenic lines that carry GAL4 responsive transgenes for either a dominant 
negative HAT defective version of dTip60 (dTip60E431Q), or wild-type dTip60 
(dTip60WT) (Siegel and Hall 1979, Lorbeck, Pirooznia et al. 2011). Expression of the 
respective transgenes was achieved continuously during development using the GAL4 
driver, OK107. This driver is expressed in discrete neuronal populations in the adult 
fly brain that includes high expression in the Kenyon cells, the intrinsic neurons of the 
MB as well as in the pars intercerebralis, suboesophageal ganglion and optic lobes 
(Aso, Grubel et al. 2009). To determine the effects on learning, male flies were placed 
in a courtship chamber with a previously mated (unreceptive) wild-type female for 60 
min. The amount of time the male spent performing courtship behavior was assessed 
during the initial 10 min of this training and compared with the final 10 min of the 
training period. Male control flies (OK107-GAL4/+) show a significant drop in 
courtship behavior in the final 10 min of training when compared with the initial 10 
min (Figure 3A), indicative of an appropriate learning response. Similar effect was 
observed in the UAS background control flies (UAS-dTip60E431Q/+ and UAS-
dTip60WT/+) and in the wild type Canton S flies (Figure 3A). Male flies expressing 
either the Tip60 HAT mutant (dTip60E431Q) or additional copies of wild type Tip60 
(dTip60WT) also showed a significant decrease in courtship behavior in the final 10 
min of the training period compared with the initial 10 (Figure 3A). This indicates that 
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misregulation of Tip60 HAT activity in the MB does not interfere with the successful 
perception and interpretation of sensory stimuli required in this assay and that these 
flies are capable of altering their behavior appropriately (learn) in response to this 
training. 
Different phases of memory have been defined in Drosophila and include immediate 
recall (0–2 min post-training), short-term memory (up to 1 h post-training), medium-
term memory (up to to 6 h), anesthesia-resistant memory (up to 2 days) and long-term 
memory (up to 9 days) (Greenspan 1995, McBride, Choi et al. 2005). In order to test 
for the earliest phase of memory first, we assayed male flies expressing either the 
Tip60 HAT mutant (dTip60E431Q) or wildtype Tip60 (dTip60WT) by transferring the 
respective trained males to clean mating chambers and pairing with a receptive virgin 
female within two mins of training, following which, their courtship behavior was 
monitored for 10 mins. Trained male control flies (OK107-GAL4/+) showed a marked 
decrease in their courtship activity compared to untrained male flies (Sham) that were 
assayed in parallel (Figure 3B). Similar effect was observed in the UAS background 
control flies (UAS-dTip60E431Q/+ and UAS-dTip60WT/+) and in the wild type Canton 
S flies (Figure 3B). This indicates a change in behavior in these flies that is consistent 
with normal immediate recall memory of training. However, such a decrease in 
courtship behavior was not observed in flies expressing either the Tip60 HAT mutant 
(dTip60E431Q) or additional copies of the HAT competent wild type Tip60 (dTip60WT) 
(Figure 3B). Since these flies were capable of normal sensory perception and were 
also able to alter their behavior in response to their experience during the learning 
component of the assay, their inability to effectively suppress courtship behavior 
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during the second component of the assay indicates that these flies are defective in 
immediate recall memory of this form of learning. 
Tip60 HAT activity is required for formation of normal mushroom body 
structure in adult brains 
Development of precise axonal connectivity and plasticity in their connectivity are 
required for maintenance of functional neural circuits that facilitate learning and 
memory (Luo and O'Leary 2005).  Accordingly, degeneration of neural circuits 
essential for learning and memory may lead to impaired behavioral plasticity.  We 
have previously reported that Tip60 HAT function promotes axonal growth of the 
Drosophila small ventrolateral neurons (sLNv), a well characterized model system for 
axonal growth (Pirooznia, Chiu et al. 2012).  We therefore wanted to examine if the 
observed memory deficits in the Tip60 mutant flies were accompanied by axonal 
growth defects in the MB.   In order to examine the Tip60 mediated anatomical effects 
in the MB, we generated GAL4 responsive transgenic fly lines carrying a membrane 
bound mCD8-GFP construct with either the dominant negative Tip60 HAT mutant 
(UAS-mCD8-GFP; UAS-dTip60E431Q) or wild type Tip60 (UAS-mCD8-GFP; UAS-
dTip60WT).   Expression of the respective transgenes was directed by the MB specific 
OK107-GAL4 driver.   MB structural phenotypes under the different conditions were 
identified by immunostaining for GFP in whole brains dissected from adult animals. 
In the third instar larvae and adult control flies (OK107-GAL4/US-GFP), confocal 
microscopy revealed GFP immunolabeling of α/β neurons along the peduncles as well 
as distally as their axons bifurcate and project dorsally into the α/α’ lobes and medially 
into the β/β’ and γ lobes (Figure 4A and 4A’). While the stereotyped morphology of 
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the MB lobes was detected in third instar brain of flies expressing either the HAT 
mutant dTip60E431Q or the wild type dTip60WT (Figure 4B and 4C), severe axonal 
defects were observed in the adult flies.   GFP staining of adult brains from the 
dTip60E431Q mutants revealed dramatic reduction of the MB axonal fields resulting in 
α/α’ lobes that were much thinner than those in the control flies (Figure 4B’ and 4D). 
Additionally, severe reduction in the area of the β/β’ and γ lobes was also observed in 
these flies (Figure 4B’ and 4D). Thinner α and β lobes were observed in both sides of 
the brain in the dTip60E431Q mutants, indicating that the axonal defects are common to 
both the brain hemispheres. Developing axons of α/β neurons normally bifurcate at the 
base of the lobes, and the resulting sister branches subsequently extend in diverging 
directions: one dorsally to the α lobe and the other medially to the β lobe. Similarly, 
α’/β’ neurons also develop dorsal (α’) and medial (β’) lobes. In order to examine 
which particular lobe(s) were specifically affected in the dTip60E431Q flies, area 
measurements of the different MB lobes were carried out by co-staining with anti-Fas 
II or anti-Trio antibodies that exhibit weak expression in the γ-lobe while strongly 
labeling α/β and α’/β’ lobes, respectively. Fas II staining (Figure 5B and 5B’) was 
used for quantification of α/β and γ-lobes while Trio staining (Figure 6B and 6B’) was 
used for quantification of area of α’/β’ lobes. Quantification using these lobe specific 
markers revealed a marked decrease in the area of all the MB lobes in the dTip60E431Q 
flies compared to the control flies (OK107-GAL4; UAS-GFP)(Figure 4D). On the 
contrary, adult brains from the dTip60WT flies did not exhibit any significant effect on 
α/β, α’/β’ and γ lobes on either side of the brain as revealed by GFP (Figure 4C’ and 
4D), Fas II (Figure 5C’) and Trio labeling (Figure 6C’). Thus, production of Tip60 
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within the MB lobes and the axonal growth defects observed due to disruption of 
Tip60’s HAT function together suggest that Tip60 HAT activity may play essential 
roles in MB axonal outgrowth. 
Tip60 associated target genes are enriched for functions in cognition linked 
neuronal processes. 
Our prior findings demonstrated that gene control is a key mechanism by which Tip60 
exerts its action in promoting function in a variety of neuronal   processes.   To 
determine whether Tip60 associates with target genes enriched for cognition-linked 
processes, we conducted genome-wide analysis of Tip60 occupancy using ChIP-Seq 
analysis.   We also carried out ChIP-Seq analysis for the transcriptionally active 
elongation version of RNA polymerase II occupancy to assess which Tip60 associated 
gene targets were transcriptionally active.  To identify early developmental targets, we 
used the Drosophila S2 embryonic cell line that robustly produces endogenous Tip60 
(Zhu, Singh et al. 2007) and is comprised of mixed cell types for an unbiased 
enrichment analysis. 
To identify Tip60 associated target genes, gene annotation of Tip60 and RNA Pol II 
ChIP-Seq peaks was performed using the D. melanogaster annotation database R5.5 
and UCSC table browser, producing a list of 321 gene targets for Tip60 and 2210 for 
RNA Pol II.   Functional annotation clustering analysis was performed on the list of 
321 Tip60-associated genes using both DAVID and GeneCodis3 (Tabas-Madrid, 
Nogales-Cadenas et al. 2012).  Analysis of these functional clusters (Figure 7A) 
revealed that they were enriched for a variety of neuronal processes all linked to 
cognition.   Next, tissue-specific expression data for the 321 Tip60-associated genes 
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was obtained through FlyAtlas.   Figure 7B shows the percentage of Tip60-associated 
genes that are up-regulated and down-regulated in the various fly tissue types.   
Importantly, these data show that in neuronal tissues (brain, head, larval CNS and 
thoracicoabdominal ganglion), approximately 60-65% of Tip60 target genes are 
upregulated, while in other tissue types, the majority of Tip60 target genes are down-
regulated.   In order to produce a comprehensive list of Tip60 associated ‘neuronal 
genes’, we combined the list of 46 neuronal genes identified through GO functional 
annotation with additional Tip60-target genes that are upregulated in neuronal tissues 
relative to whole fly, as determined based on tissue-specific expression data from 
FlyAtlas.  This produced a comprehensive list of 178 unique neuronal genes targeted 
by Tip60.   Importantly, 132 out of 178 neuronal genes targeted by Tip60 showed co-
localization of RNA Pol II, suggesting that the majority of Tip60-target neuronal 
genes are actively transcribed (Figure 7C).  Further analysis using the DAVID and 
Gene Codis 3 classification system revealed that a substantial number of these genes 
were functionally linked to specific cognition linked pathways (Table 1), many of 
which were activity-dependent signaling pathways. 
To identify the enrichment of known transcription factor DNA-binding motifs within 
Tip60-target-gene intervals, a motif enrichment analysis was performed using the 
MEME-ChIP suite as well as RSAT and Motif Enrichment Tool.   Figure 7D shows 
DNA recognition sequences and statistical significance for top hit TFs involved in 
various neuronal functions.    These included bab1 (bric a brac 1) involved in dendrite 
arborization(Kopp, Duncan et al. 2000, Couderc, Godt et al. 2002),  Run-Bgb (big 
brother), a transcriptional activator in the Drosohila CNS, Svp (seven up) involved in 
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embryonic CNS development (Lafont 2000), Exex (extra-extra), involved in 
neuroblast development (Skeath and Thor 2003), Hkb (huckebein), involved in glial 
cell and CNS development (Dittrich, Bossing et al. 1997), Hb (hunchback) a repressor 
that mediates neuroblast fate (Tran, Miller et al. 2010) and Vnd (ventral nervous 
system defective)  required for embryonic brain development (Sprecher, Urbach et al. 
2006). 
Based on our ChIP-Seq analysis, we hypothesized that the memory disruption and 
mushroom body morphological defects we observed upon Tip60 HAT misregulation 
was caused by inappropriate expression of genes required for these processes.    To 
test this hypothesis, we performed quantitative real-time PCR analysis of ten genes 
identified in our ChIP-Seq analysis that were well characterized representatives of a 
particular cognition linked pathway, this time using adult fly heads expressing 
dTip60E431Q under the control of the elav-GAL4 driver (Figure 8).   Each of the ten 
genes we tested were significantly downregulated in response to Tip60 HAT.  These 
genes included those required for axonal extension, guidance and target recognition 
such as ben, brat, CadN2 and pyd, consistent with the MB axonal outgrowth defects 
we observed in Tip60E431Q mutant fly brains (Figure 4).    Moreover, genes required 
for memory such as rut, ptp10d, fas2 as well as a core dendrite morphogenesis gene 
chinmo and neurotransmitter release gene aux were also negatively affected, 
consistent with the memory defects we observed in the Tip60E431Q flies (Figure 3).   
Taken together, our findings support a transcriptional regulatory role for Tip60 HAT 
activity in the activation of genes essential for cognitive processes. 
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Increasing Tip60 levels in the mushroom body of the fly CNS rescues learning 
and memory defects in a Drosophila AD model. 
We previously reported that Tip60 plays a neuroprotective role in AD 
neurodegenerative progression by demonstrating that increased levels of Tip60 HAT 
activity suppress AD deficits that include apoptotic induced neurodegeneration, axonal 
outgrowth and transport defects and associated sleep and locomotion behavioral 
phenotypes in a Drosophila Alzheimer’s disease (AD) model (Pirooznia, Chiu et al. 
2012, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013, Pirooznia and Elefant 
2013).   Given the importance of histone acetylation in cognitive ability (Pirooznia and 
F. 2012, Peixoto 2013, Pirooznia and Elefant 2013, A. 2014) and our finding that 
appropriate levels of Tip60 HAT activity are required for short term memory (Figure 
3A,B), we hypothesized that excess Tip60 might also rescue AD linked cognitive 
deficits.   To test this hypothesis, we again used the conditioned courtship suppression 
assay to assess learning and memory, this time using a unique AD fly model generated 
in our laboratory that co-expresses equivalent levels of dTip60WT or dTip60E431Q with 
either APP or APP dCT (APP lacking the C terminus that forms the transcriptional 
regulatory Tip60/AICD complex) (Siegel and Hall 1979).    We found that flies 
exhibited both learning and short-term memory defects when APP expression was 
targeted specifically to the fly MB using GAL4 driver OK-107 GAL4 and that these 
cognitive deficits were dependent upon the presence of the Tip60 interacting C-
terminus of APP.   Remarkably, our studies revealed that excess levels of Tip60 in the 
fly MB rescued such APP induced learning and memory defects (Figure 9 A,B) and 
that this rescue was dependant upon both a functioning Tip60 HAT domain and the 
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Tip60 interacting C terminus of APP (Figure 9A,B). (Gunawardena and Goldstein 
2001, Merdes, Soba et al. 2004).   Taken together, our results support a 
neuroprotective role for Tip60 HAT activity in APP induced cognitive deficits 
associated with AD. 
DISCUSSION 
Our previous work using a Drosophila model system demonstrated that Tip60 HAT 
function is critical for a variety of cognition linked processes that include synaptic 
plasticity, axonal outgrowth and transport and neuronal cell apoptotic control in the 
central nervous system (CNS) (Sarthi and Elefant 2011, Pirooznia, Chiu et al. 2012, 
Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013, Pirooznia and Elefant 2013).   
Our present study extends these findings to demonstrate that Tip60 HAT activity plays 
an integral functional role in memory formation in Drosophila.    Here, we show that 
loss of dTip60 HAT activity or increased levels of dTip60 HAT activity in all the 
lobes of the mushroom body (MB), the learning and memory center of the Drosophila 
CNS, disrupt immediate recall memory while there is no effect on learning.   In the 
dTip60E431Q  HAT mutant flies, memory defects are also accompanied by axonal 
growth defects that are evident in dorsal α/ α’ and  medial β/ β’ and γ lobes of the 
adult MB in these flies with no marked effect on the larval MB structure.   The α, β, 
and γ neurons composing the mushroom body undergo considerable structural 
reorganization during embryonic, larval and pupal development. The γ neurons are the 
earliest born and develop during first instar larval stages while development of α’/β’ 
axons and α/β axons takes place during the third instar larval and pupal stages, 
respectively (Scott, Lee et al. 2001).  Although the α/β lobes appear much later in 
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development than the α’/β’ lobes, the dramatic effects we observe on both these lobes 
in the dTip60E431Q adult flies indicate that Tip60 HAT activity may be crucial for 
development of α/β lobes as well as for maintaining branch stability in the larval born 
α’/β’ lobes as development proceeds.   During metamorphosis, the γ neurons undergo 
a stereotypical process of axon elimination wherein the dorsal and medial segments of 
its axon are pruned back (Watts, Hoopfer et al. 2003, Watts, Schuldiner et al. 2004). 
The γ axons subsequently re-extend medially during pupal remodeling.  Tip60 HAT 
activity likely mediates regeneration of γ axons as well during pupal development as 
evidenced by the severe reduction of these axons in the adult flies that express the 
HAT defective dTip60E431Q mutant.   Consistent with these findings, we recently 
reported a similar effect in the axons of Drosophila small ventrolateral neurons 
(sLNv), a well characterized model system for studying axonal growth, wherein Tip60 
HAT loss inhibits sLNv axon outgrowth in the adult flies while no axonal defects were 
observed in the third instar larva (Pirooznia, Chiu et al. 2012).   Together, these results 
support a role for Tip60 HAT activity in mediating MB axonal outgrowth required for 
proper adult MB axonal formation. 
Transcription of genes involved in synaptic plasticity is a highly regulated process and 
it is becoming increasingly clear that HATs and HDACs are key regulators in this 
process (Graff and Mansuy 2008, Sweatt 2009).   As such, epigenetic post-
translational modifications (PTMs) of histone proteins, most notably histone 
acetylation, that control nuclear chromatin packaging and gene expression profiles are 
emerging as a fundamental mechanism by which neurons adapt their transcriptional 
response to environmental cues(Feng, Fouse et al. 2007, Sweatt 2009, Boursiges, 
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Vasconcelos et al. 2010, Meaney and Ferguson-Smith 2010, Riccio 2010, Nelson and 
L.M.Monteggia 2011, Pirooznia and F. 2012).    The implicit hypothesis is that 
environmental signals drive changes in histone acetylation modifications that are 
inherently dynamic in nature.   Such changes allow for activity-dependant 
transcriptional ‘plasticity’ that mediates sustained variation in neural function (Sweatt 
2009, Riccio 2010, Graff, Woldemichael et al. 2012, Bousiges, Neidl et al. 2013).      
One of the most important of such experience-driven behavioral changes is learning 
and memory formation, as it directly impacts cognitive ability (Levenson and Sweatt 
2005, Carulli, Foscarin et al. 2011, Nelson and L.M.Monteggia 2011, West and 
Greenberg 2011).   Importantly, the MB is a highly plastic brain region in the 
Drosophila CNS that is well known for its role in multimodal sensory integration and 
associative learning.  Thus, it serves as a powerful model to study not only 
developmental synaptic reorganization but also experience-dependant cognition linked 
plasticity (Technau 1984, Heisenberg, Heusipp et al. 1995, Barth and Heisenberg 
1997).   Here we show that robust production of Tip60 is localized in the MB Kenyon 
cell nuclei.  Moreover, our ChIP-Seq analysis reveals that Tip60 direct target genes are 
enriched for functions in cognitive processes, many of which are activity dependant 
and that accordingly, key genes representing these pathways are misregulated in the 
adult Tip60 HAT mutant fly brain.   These findings are consistent with our previous 
microarray study that uncovered a transcriptional regulatory role for Tip60 in nervous 
system function (Lorbeck, Pirooznia et al. 2011).    Intriguingly, many of the pathways 
enriched for Tip60 associated genes are activity dependent (Table 1).    Taken 
together, our studies uncover an epigenetic transcriptional regulatory role for Tip60 
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HAT action in cognitive function and suggest that Tip60 function in gene control may 
rely on experience driven modes of action. 
Several other brain regions in addition to the MB have been identified to be important 
for courtship learning.   Basic courtship involves communication between the 
projection neurons from the antennal glomeruli with higher centers in the lateral 
protocerebrum and mushroom bodies (Mehren, Ejima et al. 2004). Recent studies 
using cobalt labeling and ectopic expression of the ATP receptor P2X2 in the MB 
Kenyon cells also suggest the existence of functional feedback from MBs to the 
antennal lobes, a process crucial for sensory processing (Rybak and Menzel 1993, Hu, 
Zhang et al. 2010). Furthermore, such functional feedbacks from the Kenyon cells are 
thought to be mediated by the β and γ lobes (Hu, Zhang et al. 2010), which are also 
severely affected in the dTip60E431Q flies.   Changes in neuronal connectivity in the 
central nervous system are also thought to contribute to behavioral defects in several 
Drosophila learning mutants that alter cAMP signaling (Guan, Buhl et al. 2011).   
Thus, the axonal growth defects we observe in the dTip60E431Q flies may result in 
disruption of synaptic connectivity between the MB and neural circuits in the 
protocerebrum essential for sensory processing, subsequently leading to the observed 
memory impairment.   Intriguingly, although overexpression of wild type Tip60 
(dTip60WT) did not have an observable effect on the MB structure per se, the 
dTip60WT expressing flies exhibit defects in immediate recall memory similar to the 
dTip60E431Q flies.     Importantly, under normal conditions, maintaining the balance 
between HAT and HDAC levels and activity is critical for establishing proper histone 
modification patterns that serve to regulate both stable and rapidly changing gene 
	  58	  	  
expression profiles crucial for both neuronal homeostasis and appropriate 
neurophysiological response outputs such as long term potentiation, learning, and 
memory, respectively (Morris 2003).  Thus, we speculate that increasing Tip60 
mediated acetylation in the MB can lead to complex changes in the chromatin 
landscape causing misregulation of genes that are induced following patterned 
synaptic stimulation, such as behavioral experiences, and play a critical role in 
translating the activity in neural circuits into accessible memories in the brain 
(Pirooznia and F. 2012, Pirooznia and Elefant 2013) 
Outgrowth and stabilization of axons during development of the nervous system and 
reorganization of axonal connections in the adult in response to environmental cues 
critical for cognition are based on the dynamic rearrangement of the cytoskeleton 
(Baas and Luo 2001, Dent and Gertler 2003).   Axon growth and elongation depends, 
among other factors, on microtubules polymerization (Conde and Caceres 2009) and 
acetylation of α-tubulin has been reported to stabilize microtubules and promote 
polymerization (Creppe, Malinouskaya et al. 2009).   Accordingly, reducing levels of 
HDAC6 has been reported to restore learning and memory as well as α-tubulin 
acetylation in a mouse model for AD (Govindarajan 2013). Consistent with these 
findings, we previously reported that Tip60 partially acetylates microtubules in the 
larval neuromuscular junction (NMJ), an effect that was dependent on its HAT 
function (Sarthi and Elefant 2011), although we did not observe this effect in motor 
neuron axons of the Drosophila CNS (Johnson, Sarthi et al. 2013).   Here, our analysis 
reveals that Tip60 is localized not only within the nucleus of the Kenyon cells in the 
MB but is also present within all the MB axonal lobes, indicative of both nuclear and 
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cytoplasmic localization for Tip60.   Such cytoplasmic and nuclear Tip60 localization 
is recapitulated in the Drosophila NMJ, where we previously reported Tip60 to be 
localized both pre and post synaptically (Sarthi and Elefant 2011).  Therefore, we 
cannot rule out the possibility that Tip60 may also mediate axonal growth by 
modulating cytoskeletal dynamics in the MB through direct binding and acetylation of 
cytoskeletal proteins that function to promote and stabilize axon growth.     Of note, 
neural activity has been shown to modulate chromatin acetylation in hippocampal 
neurons in part, by controlling the shuttling of certain HDACs in and out of the 
nucleus that in turn, influences their activity in gene control(Chawla, Vanhoutte et al. 
2003, Riccio 2010).   Thus, Tip60 may also utilize a similar cytoplasmic/nuclear 
shuttling mechanism, an area that we are currently exploring. 
Tip60 has been implicated in AD via its interaction with the APP intracellular domain 
(AICD), a fragment generated by the processing of APP by γ-secretase that is 
subsequently released into the cytoplasm (Muller, Meyer et al. 2008).  AICD forms a 
transcriptional competent protein complex with the HAT Tip60 (Cao and Sudhof 
2001) that can be recruited to the promoters of specific neuronal target genes where it 
acts to acetylate select histone proteins to epigenetically regulate gene transcription 
(Cao and Sudhof 2001, von Rotz, Kohli et al. 2004, Ryan and Pimplikar 2005).  
Importantly, misexpression of certain Tip60/AICD target genes such as neprilysin, 
EGFR, LRP and KAI-1 have been associated with AD pathophysiology (Baek, Ohgi 
et al. 2002, Muller, Concannon et al. 2007, Slomnicki and Lesniak 2008).   Based on 
these findings, it has been proposed that the inappropriate AICD/Tip60 complex 
formation and/or its recruitment may contribute or lead to AD pathology via 
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epigenetic transcriptional misregulation of target genes required for neuronal functions 
(Pirooznia and F. 2012, Johnson, Sarthi et al. 2013, Pirooznia and Elefant 2013).   
Here, we report that while misregulation of Tip60 HAT activity alone causes short 
term memory deficits in the fly, excess production of Tip60 in conjunction with APP 
rescue both APP-induced learning and short term memory deficits in an AD fly model.  
Importantly, reversal of these cognitive deficits is dependant upon the C terminus of 
APP that forms the transcriptional regulatory Tip60/AICD complex as well as the 
functional HAT activity of Tip60.  Accordingly, we show by ChIP-Seq that Tip60 
associated genes are enriched for cognition function and that key Tip60 genes 
representing learning and memory linked pathways are misregulated in the Tip60 
HAT mutant fly brain, in vivo.   Consistent with these findings, we previously reported 
that increasing in vivo Tip60 HAT levels in the nervous system of AD flies rescues 
Tip60 mediated cognition linked processes impaired in AD that include apoptotic 
neurodegeneration(Pirooznia, Sarthi et al. 2012), axonal outgrowth(Pirooznia, Chiu et 
al. 2012, Pirooznia and Elefant 2013) and transport(Johnson, Sarthi et al. 2013) and 
restores associated disrupted complex functional abilities that include sleep 
cycles(Pirooznia, Chiu et al. 2012, Pirooznia and Elefant 2013) and locomotor 
function(Johnson, Sarthi et al. 2013).   Gene expression analysis revealed that these 
flies exhibit repression of cassettes of pro-apoptotic genes and induction of pro-
survival genes(Pirooznia and F. 2012, Pirooznia, Sarthi et al. 2012, Pirooznia and 
Elefant 2013).  Together, our results point to an all encompassing neuroprotective role 
for Tip60 in early AD progression and support a model by which Tip60 epigenetic 
reprograms select gene sets that redirect neuronal cell fate from cell death towards cell 
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survival and function(Pirooznia and Elefant 2013) .  Our findings that HATs exert 
neuroprotective effects under neurodegenerative conditions via epigenetic gene 
reprogramming are not unprecedented.    Indeed, gene transfer of CBP was shown to 
ameliorate learning and memory deficits in a mouse AD model by increasing brain 
derived neurotrophic  factor (BDNF) (Caccamo, Maldonado et al. 2010) and p300 but 
not HDAC inhibitors were found to enhance axonal regeneration by inducing axonal 
outgrowth genes (Gaub, Joshi et al. 2011).  In light of these findings, it is important 
consider that modulation of specific HAT levels and/or activity may alter the 
expression of many genes or “cassettes” of specific genes that act together to produce 
a neuroprotective effect, as indicated by our ChIP-Seq analysis for Tip60 (Pirooznia 
and F. 2012, Pirooznia and Elefant 2013).    Therefore, it will be critical to determine 
the identity of specific gene target sets regulated by cognition linked HATs to further 
dissect their neuroprotective nature for more effective design of HAT based 
therapeutic strategies. 
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Chapter 3: Tip off the HAT– Epigenetic control of learning and memory by 
Drosophila Tip60 
 
ABSTRACT 
Disruption of epigenetic gene control mechanisms involving histone acetylation in the 
brain causes cognitive impairment, a debilitating hallmark of most neurodegenerative 
disorders.    Histone acetylation regulates cognitive gene expression via chromatin 
packaging control in neurons.   Unfortunately, the histone acetyltransferases (HATs) 
that generate such neural epigenetic signatures and their mechanisms of action remain 
unclear.  Our recent findings provide insight into this question by demonstrating that 
Tip60 HAT action is critical for morphology and function of the mushroom body 
(MB), the learning and memory center in the Drosophila brain.   We show that Tip60 
is robustly produced in MB Kenyon cells and extending axonal lobes and that targeted 
MB Tip60 HAT loss results in axonal outgrowth disruption.  Functional consequences 
of loss and gain of Tip60 HAT levels in the MB are evidenced by defects in memory.   
Tip60 ChIP-Seq analysis reveals enrichment for genes that function in cognitive 
processes and accordingly, key genes representing these pathways are misregulated in 
the Tip60 HAT mutant fly brain.  Remarkably, increasing levels of Tip60 in the MB 
rescues learning and memory deficits resulting from Alzheimer’s disease associated 
amyloid precursor protein (APP) induced neurodegeneration.   Our studies highlight 
the potential of HAT activators as a therapeutic option for cognitive disorders. 
Keywords: Epigenetics, histone acetyltransferases (HAT), Tip60, cognitive function, 
amyloid precursor protein (APP), mushroom body, axonal outgrowth 
	  63	  	  
Citation: Xu. S, Wilf. R, Menon. T, Panikker. P, Sarthi. J, Elefant F (2014).  
Epigenetic  control of learning and memory in Drosophila by Tip60 HAT action. 
Genetics 198:1571-86 
Environmental stimuli provides neurons in the brain with instructive information that 
shapes synaptic connections which in turn, impacts cognitive function(Borrelli, 
Nestler et al. 2008, Riccio 2010, Carulli, Foscarin et al. 2011, Puckett and Lubin 2011, 
West and Greenberg 2011).  Such flexibility in neuronal response to a constantly 
changing environment relies on precise regulation of dynamic gene expression profiles 
that promote neuroadaptation (Feng, Fouse et al. 2007, Kim, Hemberg et al. 2010, 
Meaney and Ferguson-Smith 2010, Roth, Roth et al. 2010, Day and Sweatt 2011, 
Graff, Rei et al. 2012, Peixoto and Abel 2013, Pirooznia and Elefant 2013).   One of 
the most important of such experience-driven behavioral changes is learning and 
memory formation as it directly impacts cognitive ability (Levenson and Sweatt 2005, 
Carulli, Foscarin et al. 2011, Nelson and L.M.Monteggia 2011, West and Greenberg 
2011). Epigenetic gene control has recently emerged as a fundamental mechanism by 
which activity dependent cognitive genes transcriptionally respond to external cues in 
post-mitotic neurons (Borrelli, Nestler et al. 2008).   One of the best characterized 
epigenetic mark crucial for learning and memory is histone acetylation, that regulates 
cognitive gene expression by controlling chromatin packaging in neurons (Borrelli, 
Nestler et al. 2008, Meaney and Ferguson-Smith 2010, Riccio 2010, Sweatt 2010, 
Nelson and L.M.Monteggia 2011, Graff, Rei et al. 2012, Pirooznia and Elefant 2013, 
Xu, Wilf et al. 2014).  Histone acetylation is regulated by the antagonistic activities of 
histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Fischer, 
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Sananbenesi et al. 2010, Pirooznia and Elefant 2013).   HATs catalyze the transfer of 
an acetyl group from acetyl-CoA to the ε-amino group of specific lysine residues 
within the N-terminal tails of nucleosomal histones.  Importantly, HATs also exhibit 
specific substrate preference for certain histone, lysine, and gene targets and thus 
generate different acetylation patterns within the neural epigenome (Sterner and 
Berger 2000, Roth, Denu et al. 2001).   These HAT generated epigenetic signatures in 
conjunction with additional DNA and histone modifications serve as docking sites for 
the recruitment of distinct chromatin regulatory complexes that drive gene expression 
profiles critical for learning and memory. 
Cognitive decline involving memory loss is a typical part of the aging process and has 
been associated with aberrant changes in gene expression in the hippocampus and 
frontal lobe of the brain (Sweatt 2010).   An emerging hypothesis is that age related 
accumulation of aberrant histone acetylation marks in chromatin in the adult brain 
cause gene misregulation that drives cognitive impairment.  Indeed, over the past 
decade numerous studies have reported reduced histone acetylation levels the brains of 
animal models for multiple types of neurodegenerative diseases, including models for 
Alzheimer’s , Parkinson’s and Huntington’s disease (Graff, Rei et al. 2012).  Such 
acetylation loss in a p25-induced neurodegenerative mouse model causes an 
epigenetic blockade of learning and memory gene transcription with concomitant 
cognitive impairment8.  Accordingly, pharmacological treatments aimed at increasing 
global acetylation levels through the use of non-selective pan-HDAC inhibitors have 
shown promising effects in reversing cognitive deficits in a variety of 
neurodegenerative animal models (Kazantsev and Thompson 2008) making this a 
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powerful therapeutic strategy (Hockly, Richon et al. 2003, Gardian, Browne et al. 
2005, Outeiro, Kontopoulos et al. 2007, Monti, Gatta et al. 2010).   However, many 
currently used HDAC inhibitors (HDACi) lack target specificity(Langley, Gensert et 
al. 2005, Rouaux, Panteleeva et al. 2007, Haberland, Montgomery et al. 2009, Wang, 
Wang et al. 2009, Fischer, Sananbenesi et al. 2010, Franklin and Mansuy 2010, 
Johnson, Sarthi et al. 2013) and act by increasing global acetylation levels in the brain 
with potential detrimental effects, raising concerns about their applicability.   Unlike 
some HDACs (Haberland, Montgomery et al. 2009, Fischer, Sananbenesi et al. 2010), 
select HATs have non-redundant neural functions that may not only restore general 
acetylation balance, but also modulate particular gene expression programs that work 
together to promote neuroprotection (Rouaux, Jokic et al. 2003, Caccamo, Maldonado 
et al. 2010, Kim, Hemberg et al. 2010, Selvi, Cassel et al. 2010, Marek, Coelho et al. 
2011, Pirooznia and Elefant 2012, Pirooznia and Elefant 2013, Schneider, Chatterjee 
et al. 2013).   Unfortunately, little is known about the select HATs that modify the 
neural epigenome, and the corresponding gene expression programs they control.  
Thus, a detailed analysis of the molecular mechanisms underlying neural HAT action 
and their gene target specificity in animals will likely provide safer and more selective 
ways to promote histone acetylation mediated cognitive enhancement benefits in 
clinical settings. 
 
Insight into HAT based mechanisms underlying cognition and neuropathology was 
facilitated by our studies on Tip60 neural HAT function (Lorbeck, Pirooznia et al. 
2011, Sarthi and Elefant 2011, Pirooznia and Elefant 2012, Pirooznia, Chiu et al. 
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2012, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013, Pirooznia and Elefant 
2013, Pirooznia and Elefant 2013, Xu, Wilf et al. 2014).   While Tip60 was shown to 
be the second highest expressed HAT of the 18 HATs in mammalian adult brain, its 
involvement in neural function was unknown(2014).   We previously demonstrated 
that Tip60 HAT action is critical for nervous system development and cognitive 
processes such as synaptic plasticity, axonal outgrowth and transport via its 
transcriptional regulation of genes enriched for a variety of specific neuronal 
processes(Lorbeck, Pirooznia et al. 2011).  Consistent with a role for Tip60 in nervous 
system function, our laboratory (Zhu, Singh et al. 2007, Lorbeck, Pirooznia et al. 
2011, Sarthi and Elefant 2011, Pirooznia and Elefant 2012, Pirooznia, Chiu et al. 
2012, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013, Pirooznia and Elefant 
2013, Pirooznia and Elefant 2013, Xu, Wilf et al. 2014) and others (Ghosal, Vog et 
al. , Baek, Ohgi et al. 2002, Muller, Meyer et al. 2008, Johnson, Sarthi et al. 2013, 
Pirooznia and Elefant 2013, Fischer 2014) have shown that the HAT Tip60 is 
implicated in Alzheimer’s disease (AD) based on its role in epigenetic neuronal gene 
control via its formation of a transcriptionally active complex with the processed C- 
terminal amyloid precursor protein (APP) intracellular domain (AICD) (Baek, Ohgi et 
al. 2002, Kim, Kim et al. 2003, Belyaev, Naliaeva et al. 2008, Johnson, Sarthi et al. 
2013, Fischer 2014) (Cao and Sudhof 2001, Kimberly, Zheng et al. 2001, Cao and 
Sudhof 2004, Hass and Yankner 2005, Muller, Concannon et al. 2007, Pirooznia, 
Sarthi et al. 2012).   Loss of Tip60 HAT activity and/or improper recruitment of this 
complex to specific gene promoters causes epigenetic misregulation of a variety of 
genes causatively associated with neurodegeneratation(Ghosal, Vog et al. , Baek, Ohgi 
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et al. 2002, Belyaev, Naliaeva et al. 2008, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi 
et al. 2013) 
During the past several years, my laboratory has published a compendium of studies 
characterizing a functional interaction between Tip60 and the APP-C terminus (AICD) 
in mediating multiple cognitive neuronal processes using Tip60;APP transgenic 
Drosophila we generated as a robust model system(Lorbeck, Pirooznia et al. 2011, 
Pirooznia and Elefant 2012, Pirooznia, Chiu et al. 2012, Pirooznia, Sarthi et al. 2012, 
Johnson, Sarthi et al. 2013, Pirooznia and Elefant 2013, Pirooznia and Elefant 2013, 
Xu, Wilf et al. 2014).  To develop this system, we utilized well characterized APP 
Drosophila lines that express equivalent and moderate levels of either GAL 4 
responsive full length human APP (hAPP695) or APP lacking the AICD domain 
(APP-dCT) (Fossgreen, Bruckner et al. 1998, Gunawardena and Goldstein 2001, 
Pirooznia, Sarthi et al. 2012) and adapted them to harbor our GAL4 responsive 
Drosophila Tip60 wild-type (Tip60WT) or dominant negative HAT mutant 
(Tip60E431Q) transgenes(Zhu, Singh et al. 2007, Lorbeck, Pirooznia et al. 2011, 
Pirooznia, Sarthi et al. 2012).  This Tip60;APP Drosophila system enables us to 
modulate controlled Tip60 HAT levels in specific neural circuits in the fly of choice 
under APP induced neurodegenerative conditions, in vivo(Zhu, Singh et al. 2007, 
Lorbeck, Pirooznia et al. 2011, Pirooznia, Sarthi et al. 2012).   Using this model, we 
demonstrated that a number of cognition linked processes known to be impaired 
during early AD neuropathology that include neuronal apoptosis, axonal outgrowth 
and transport are mediated via a functional interaction between Tip60 and AICD.   We 
also made the exciting discovery that increasing in vivo Tip60 HAT levels in the 
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Drosophila nervous system under APP induced neurodegenerative conditions rescues 
AD associated neuronal impairments such as apoptotic neurodegeneration in the 
central nervous system (CNS) (Pirooznia, Sarthi et al. 2012), axonal outgrowth 
(Pirooznia, Chiu et al. 2012, Pirooznia and Elefant 2013) and synaptic vesicle 
transport in motor neurons(Johnson, Sarthi et al. 2013).  Excess Tip60 also restores 
associated disrupted complex functional abilities impaired in AD that include sleep 
cycles(Pirooznia, Chiu et al. 2012, Pirooznia and Elefant 2013) and locomotor 
function(Johnson, Sarthi et al. 2013) with concomitant induction of genes critical for 
the function of these neural processes (Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et 
al. 2013).  In direct contrast, loss of Tip60 HAT function in the fly nervous system 
causes gene misregulation and exacerbates such AD associated impaired phenoytpes 
(Pirooznia, Chiu et al. 2012, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013, 
Pirooznia and Elefant 2013, Xu, Wilf et al. 2014).   Our results highlight a novel 
functional interaction between Tip60 and AICD in neuronal processes associated with 
AD and support model in which Tip60 HAT action plays a neuroprotective role in 
early neurodegenerative progression via epigenetic reprogramming of gene sets that 
act together protect and/or promote neuroprotection. 
While our previous findings highlighted a critical role for Tip60 in cognitive neuronal 
processes, the question of whether Tip60 HAT action is directly required for 
mediating gene expression changes that underlie learning and memory formation 
remained to be elucidated.    To explore these questions, we chose to use the 
mushroom body (MB) in the Drosophila brain as a well characterized model to study 
cognitive function in vivo.  The MB is ideal for studying the transcriptional regulation 
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of cognitive interneuronal development because it is highly plastic and forms discrete 
and stereotypical axonal projections that are easily visualized and tractable (Figure 1).  
Moreover, MB neurons function to control multiple experience driven behavioral and 
cognition linked functions such as olfactory learning, decision making under uncertain 
conditions and courtship conditioning (Heisenberg 2003, Margulies C. 2005, Akalai 
2006, Farris S. 2013, Guven-Azkan T. 2014).   The MB is comprised of the neuronal 
Kenyon cells (KC) that undergo ordered differentiation to generate three types of 
neurons, the α/α’, β/β’ and γ neurons(Lee, Lee et al. 1999).  Each neuron projects 
dendrites that comprise the large dendritic field termed the calyx and an axon that 
travels anteroventrally to generate the α/α’ lobes and medially to form the β/β’ and γ 
lobes.   During fly development, the α/β, α’/β’ and γ neurons undergo considerable 
structural reorganization (Rybak and Menzel 1993, Scott, Lee et al. 2001).   During 
metamorphosis, the γ neurons undergo a stereotypical process of axon destruction 
where the axons are dramatically pruned back to the peduncle and subsequently re-
extend medially during pupal remodeling  (Watts, Hoopfer et al. 2003, Watts, 
Schuldiner et al. 2004).   These remodeling events rely on activity dependent 
refinement of neural circuits that lay the foundation for sustained synaptic 
plasticity(Borrelli, Nestler et al. 2008) in mature animals.  This process is critical for 
organisms to learn from changing environmental stimuli and to remember critical 
concepts learned.   One such complex behavioral learning paradigm that the 
Drosophila MB functions in is termed courtship conditioning.   This cognitive process 
requires multimodal external sensory input, involving chemosensory, 
mechanosensory, visual and olfactory pathways and is thus well suited to study 
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experience dependent synaptic plasticity involved in learning and memory (Dubnau J. 
2001, Mehren, Ejima et al. 2004, Keene 2007, Busto 2010).   The ease and 
reproducibility of the courtship conditioning learning and memory assay, and the vast 
array of genetic tools that enable targeted gene expression manipulation to specific 
subregions of the MB (Siwicki 2003, Fiala 2007, Kahsai 2011) make the MB a 
powerful model system for molecular dissection of the morphological and functional 
circuitry underlying experience driven cognitive plasticity. 
In this study, we set out to test the hypothesis that Tip60 HAT action plays an 
epigenetic based transcriptional regulatory role in cognitive function using the MB as 
a well characterized cognitive model system.  We found that Tip60 is widely produced 
throughout the adult brain, including the mushroom body (MB) lobes.  Robust levels 
of Tip60 are localized within the nucleus of the Kenyon cells with reduced levels 
found localized within the cytoplasm.  In addition to the Kenyon cells, Tip60 is also 
detected in the α/α’, β/β’ and γ lobes.   Furthermore, while expression of a wild-type 
version of Tip60 (Tip60WT) in the MB using the MB specific OK107 driver reveals no 
defects in adult MB morphology, targeted MB expression of dominant negative HAT 
mutant Tip60 (Tip60E431Q) causes significantly thinner and shorter α/α’, β/β’ and γ 
lobes, indicative of axonal outgrowth impairment.  The defects in the α and β lobes are 
observed in both sides of the brain in the dTip60E431Q mutants, indicating that the 
axonal defects are common to both the brain hemispheres.   Importantly, no defects 
are observed in third instar larvae MB expressing either HAT mutant Tip60E431Q or 
Tip60WT, suggesting that Tip60 HAT activity is critical exclusively for adult MB 
development.   We next tested whether Tip60 is required for MB function in learning 
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and memory using the conditioned courtship suppression assay.  Expression of either 
HAT mutant Tip60E431Q or wild-type Tip60WT in the MB does not impact the ability of 
flies to learn.  In direct contrast, both loss and gain of Tip60 HAT levels in the MB 
result in impairment of immediate recall memory, indicating that appropriate levels of 
Tip60 are required for memory formation.  Consistent with the experience dependent 
memory formation deficits we observed, our ChIP-Seq analysis reveals that Tip60 
target genes are enriched for functions in activity dependent cognitive processes and 
that key genes representing these pathways are downregulated in the Tip60 HAT 
mutant fly brain with concomitant loss of Tip60 binding and Tip60 mediated histone 
acetylation marks at these specific gene loci (our unpublished results).    Based on 
these data, we propose that misregulation of Tip60 mediated acetylation in the adult 
fly MB leads to abberent changes in the chromatin landscape, causing epigenetic 
misregulation of genes that are induced following patterned synaptic stimulation, such 
as behavioral experiences.  Such genes are thereby unable to carry out their function in 
converting the activity in neural circuits into shaping synaptic connections in the brain 
that allow for accessible memories.  Interestingly, while we do observe that Tip60 
HAT loss in the fly MB causes defects in adult but not larval MB axonal outgrowth, 
excess wild-type Tip60 HAT activity in the fly MB shows no obvious general 
developmental defects in both larval and adult stages.  However, despite the lack of 
developmental defects, we find the memory in the Tip60WT flies is impaired as 
dramatically as in the HAT mutant Tip60E431Q flies.  We speculate that such memory 
impairment is due to disruption of Tip60 mediated cellular acetylation homeostasis 
with subsequent negative consequences on MB synaptic connections, a model that our 
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laboratory is currently exploring using higher resolution assays.   Of note, our ChIP-
Seq analysis also revealed a fraction of Tip60 target genes that function in general 
neural development.   Moreover, while we observe no defects in third instar larval MB 
in response to loss or gain of Tip60, we do observe axonal outgrowth defects in the 
Tip60 HAT mutant adult MB.  Therefore, we do not rule out the possibility that loss of 
Tip60 also causes transcriptional defects in genes required for general adult MB 
development, thereby compromising MB neuron function in memory. 
Histone acetylation plays a critical role in cognitive function, (Pirooznia and Elefant 
2012, Peixoto 2013, Pirooznia and Elefant 2013, Fischer 2014) and accordingly, 
reduced histone acetylation levels are found in the brains of animal models for 
multiple types of neurodegenerative diseases, including Alzheimer’s disease (AD).  
Thus, we hypothesized that increasing Tip60 HAT levels in the brain would rescue 
AD associated cognitive deficits potentially resulting from APP expression in the MB.   
To test this hypothesis, we again used the conditioned courtship suppression assay to 
assess learning and memory, this time using our Tip60;APP Drosophila model that 
co-expresses equivalent levels of dTip60WT or dTip60E431Q with either APP or APP 
dCT (APP lacking the C terminus that forms the transcriptional regulatory 
Tip60/AICD complex) (Siegel and Hall 1979).  We find that flies exhibit both learning 
and short-term memory defects when APP expression is targeted to the fly MB using 
GAL4 driver OK107.   In direct contrast, equivalent levels of MB targeted APP-dCT 
expression causes no impairement in either learning or memory, indicating that APP 
induced cognitive deficits are dependent upon the presence of the Tip60 interacting C-
terminus of APP.   Importantly, our studies reveal that targeted expression of wild-
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type Tip60WT in the fly MB rescues APP induced learning and memory deficits while 
MB expression of HAT mutant Tip60 does not rescue these APP induced deficits.  
These findings indicate that Tip60 rescue of learning and memory is dependent upon a 
functioning Tip60 HAT domain (Gunawardena and Goldstein 2001, Merdes, Soba et 
al. 2004).   Together, our results support a neuroprotective role for Tip60 HAT activity 
that protects and/or promotes cognitive function under APP induced 
neurodegenerative conditions. 
An important question to be addressed from our findings is how does Tip60 rescue 
both the learning and memory deficits caused by targeted APP expression in the MB?   
A clue to answering this question is the recent observations that histone acetylation is 
significantly reduced in the brains of animal models for a variety of neurodegenerative 
disorders.  Accordingly, our recent unpublished and published findings reveal that 
histone acetylation is significantly reduced in the brains of APP expressing flies with 
concomitant loss of cognitive gene expression and induction of apoptotic cell death 
genes (Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013).  Moreover, increasing 
Tip60 levels under APP conditions rescues these gene expression profiles.    
Consistent with our findings, recent studies have demonstrated that Tip60 not only 
functions as a transcriptional co-activator but also as a co-repressor.   While the exact 
mechanism for how Tip60 represses gene expression remains unclear, in some 
instances it has been shown to occur via direct recruitment and interaction of Tip60 
with transcriptional silencers and/or histone deacetylases (Yan, Barlev et al. 2000, Li, 
Samanta et al. 2007).   Based on these findings, we propose a model by which 
increased levels of Tip60 in the APP fly brain “resets” the histone acetylation 
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chromatin landscape to mediate epigenetic reprogramming of gene expression 
programs via their activation or repression that in turn, protect and/or promote MB 
function in learning and memory (Figure 2).    Tip60 might exert such gene 
reprogramming either by itself or by forming complexes with other peptides like 
AICD for its recruitment to select genes via promoter bound TFs such as those we 
identified in our ChIP-Seq analysis.   Indeed, other HATs have been shown to exert 
neuroprotective effects under neurodegenerative conditions in a similar fashion.  For 
example, CBP was shown to ameliorate learning and memory deficits in a mouse AD 
model by increasing brain derived neurotrophic factor (BDNF) (Caccamo, Maldonado 
et al. 2010) while p300 but not HDAC inhibitors was found to promote axonal 
regeneration by inducing axonal outgrowth genes (Gaub, Joshi et al. 2011).  It is 
important to consider that modulation of specific HAT levels and/or activity might 
epigenetically reprogram multiple specific genes that function together to produce a 
neuroprotective effect, as suggested by our ChIP-Seq analysis for Tip60 (Pirooznia 
and Elefant 2012, Pirooznia and Elefant 2013).  Therefore, it will be critical to identity 
the full array of these genes to further dissect their neuroprotective nature for more 
effective design of specific HAT based therapeutic strategies. 
Another important question to consider is how does Tip60 respond to external cues to 
mediate a transcriptional response in neurons?   Neural activity has been shown to 
modulate chromatin acetylation in hippocampal neurons in part, by controlling 
shuttling of certain HDACs in and out of the nucleus that influences their activity in 
gene control(Chawla, Vanhoutte et al. 2003, Riccio 2010).    Intriguigly, we observe 
both cytoplasmic and nuclear localization for the HAT Tip60 in activity dependent fly 
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neuronal circuits that include the NMJ synaptic boutons_ENREF_42(Sarthi and 
Elefant 2011) and MB Kenyon cells.  Thus, it is possible that external stimuli that is 
read as synaptic input might induce Tip60 shuttling into the nucleus that in turn, 
influences the neural epigenetic acetylation landscape and gene activity, a model that 
unpublished data from our laboratory supports.   Future investigations into elucidating 
the mechanisms underlying Tip60 HAT function in experience driven cognitive 
function should serve as the foundation when exploring the utility of specific HAT 
activators that could potentially compliment existing non-invasive behavioral 
strategies for early therapeutic intervention of cognitive disorders. 
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Chapter 4: Tip60 HAT action mediates environmental enrichment induced 
cognitive restoration 
 
ABSTRACT 
Environmental enrichment (EE) conditions have beneficial effects for reinstating 
cognitive ability in neuropathological disorders like Alzheimer’s disease (AD).   
While EE benefits involve epigenetic gene control mechanisms that comprise histone 
acetylation, the histone acetyltransferases (HATs) involved remain largely unknown.  
Here, we examine a role for Tip60 HAT action in mediating activity- dependent 
beneficial neuroadaptations to EE using the Drosophila CNS mushroom body (MB) 
as a well-characterized cognition model.   We show that flies raised under EE 
conditions display enhanced MB axonal outgrowth, synaptic marker protein 
production, histone acetylation induction and transcriptional activation of cognition 
linked genes when compared to their genotypically identical siblings raised under 
isolated conditions.  Further, these beneficial changes are impaired in both Tip60 
HAT mutant flies and APP neurodegenerative flies.   While EE conditions provide 
some beneficial neuroadaptive changes in the APP neurodegenerative fly MB, such 
positive changes are significantly enhanced by increasing MB Tip60 HAT levels.  
Our results implicate Tip60 as a critical mediator of EE-induced benefits, and provide 
broad insights into synergistic behavioral and epigenetic based therapeutic 
approaches for treatment of cognitive disorder. 
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INTRODUCTION 
 
Alzheimer’s disease (AD) is the most common form of dementia in the aging 
population and its progression is tightly associated with cognitive impairments that 
involve learning and memory deficits.   The pathology of AD has been linked to 
neuronal cell death and disrupted synaptic plasticity in various brain regions that 
specifically include the hippocampus and the cortex.  Increasing compelling evidence 
demonstrates that AD progression is influenced by a complex interplay between 
genetic and environmental risk factors, and that such gene-environmental interactions 
play a major role in triggering pathways that can either slow or exacerbate disease 
progression.  Environmental stimuli provide neurons in the brain with instructive 
information that shapes synaptic connections to impact cognitive ability.   As such, 
environmental enrichment (EE) conditions have beneficial effects for reinstating 
cognitive ability in neuropathological conditions such as AD. EE has been shown to 
enhance hippocampal neurogenesis and reverse learning and memory deficits by 
inducing structural changes in the neuronal network to enhance synaptic efficacy. 
While a substantial body of evidence demonstrates that EE benefits involve 
epigenetic gene control mechanisms that comprise histone acetylation induction, the 
select HATs involved and their mechanisms of action underlying this process remain 
largely unknown. 
We previously demonstrated that Tip60 HAT action controls activity-dependent 
cognition-linked neuronal processes that include synaptic plasticity, axonal transport 
and outgrowth, learning and memory and epigenetically regulates transcriptional 
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profiles of genes enriched for these functions. Consistent with a role for Tip60 in 
nervous system function, our laboratory (Zhu, Singh et al. 2007, Lorbeck, Pirooznia 
et al. 2011, Sarthi and Elefant 2011, Pirooznia and Elefant 2012, Pirooznia, Chiu et 
al. 2012, Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013, Pirooznia and 
Elefant 2013, Pirooznia and Elefant 2013, Xu, Wilf et al. 2014) and others (Baek, 
Ohgi et al. 2002, Muller, Meyer et al. 2008, Johnson, Sarthi et al. 2013, Pirooznia and 
Elefant 2013, Fischer 2014) have demonstrated that Tip60 is implicated in 
Alzheimer’s disease (AD) based on its role in epigenetic neuronal gene control via its 
formation of a transcriptionally active complex with the processed C- terminal 
amyloid precursor protein (APP) intracellular domain (AICD) (Baek, Ohgi et al. 
2002, Kim, Kim et al. 2003, Johnson, Sarthi et al. 2013, Fischer 2014) (Cao and 
Sudhof 2001, Kimberly, Zheng et al. 2001, Cao and Sudhof 2004, Hass and Yankner 
2005, Muller, Concannon et al. 2007, Pirooznia, Sarthi et al. 2012).   We further made 
the exciting discovery that increasing in vivo Tip60 HAT levels in the Drosophila 
nervous system under APP induced neurodegenerative conditions rescues AD 
associated neuronal impairments such as apoptotic neurodegeneration in the central 
nervous system (CNS) (Pirooznia, Sarthi et al. 2012), axonal outgrowth (Pirooznia, 
Chiu et al. 2012, Pirooznia and Elefant 2013) and synaptic vesicle transport in motor 
neurons(Johnson, Sarthi et al. 2013).  Excess Tip60 also restores associated disrupted 
complex functional abilities impaired in AD that include sleep cycles(Pirooznia, Chiu 
et al. 2012, Pirooznia and Elefant 2013), locomotor function(Johnson, Sarthi et al. 
2013) and learning and memory(Xu, Wilf et al. 2014) defects with concomitant 
induction of some genes critical for the function of these neural processes (Pirooznia, 
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Sarthi et al. 2012, Johnson, Sarthi et al. 2013).  In direct contrast, loss of Tip60 HAT 
function in the fly nervous system causes gene misregulation and exacerbates such 
AD associated impaired phenoytpes (Pirooznia, Chiu et al. 2012, Pirooznia, Sarthi et 
al. 2012, Johnson, Sarthi et al. 2013, Pirooznia and Elefant 2013, Xu, Wilf et al. 
2014) Together, our findings demonstrate that Tip60 plays a neuroprotective role in 
an array of cognition associated neuronal processes that are impaired during the early 
stages of the AD pathological process. 
Environmental enrichment (EE) conditions comprising positive social reinforcements 
has also been shown to have neuroprotective benefits under neuropathological 
conditions such as AD (Praag, Kempermann et al. 2000, Fischer, Sananbenesi et al. 
2007, Sweatt 2009, Carulli, Foscarin et al. 2011). While experimental EE conditions 
may vary between studies exploring EE neuroadaptative benefits, one critical and 
non-variable EE component widely conserved amongst species is social 
environmental enrichment (Heisenberg, Heusipp et al. 1995, Donlea.J.M and 
Shaw.P.J 2009).  Well established studies using Drosophila show that similar to 
mammals, social EE promotes significant beneficial structural changes in regions 
throughout the fly brain that include the mushroom body (MB) that regulates a 
variety of behavioral and physiological functions ranging from olfactory learning and 
memory to decision making under uncertain conditions(Heisenberg 2003, Margulies, 
Tully et al. 2005, Aso, Grubel et al. 2009, Farris 2013, Guven-Ozkan and Davis 
2014).   Social EE promotes enhanced MB axon and dendrite formation, synaptic 
plasticity and neuronal MB Kenyon cell growth(Technau 2007, Donlea.J.M and 
Shaw.P.J 2009).  Recent studies demonstrate that EE benefits require epigenetic gene 
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regulation involving induction of specific histone acetylation profiles (Sweatt 2009, 
Penner, Roth et al. 2010, Lopez-Atalaya, Ciccarelli et al. 2011, Sweatt 2011).  
Nevertheless, how specific HATs mediate cognitive gene expression programs in 
response to changing environmental cues and the select HATs involved in this 
process remain largely unknown. 
Here, we exploit the power of Drosophila genetics and the behavioral and 
physiological conservation between flies and mammals in terms of their positive 
neuroadaptive response to ask whether Tip60 HAT action is required for an EE 
induced beneficial neuroadaptative response.   We use the MB as our well 
characterized cognitive model as this neural circuit in the adult fly brain is where 
Tip60 is robustly produced. As the central for learning and memory, MB exhibits 
beneficial morphological changes in response to EE similar to mammalian 
systems(Heisenberg, Heusipp et al. 1995, Ganguly-Fitzgerald, Donlea et al. 2006, 
Gilestro, Tononi et al. 2009, Bushey 2011).  Our findings implicate Tip60 as a critical 
mediator of EE-induced benefits, and provide broad insights into non-invasive 
synergistic behavioral and epigenetic approaches for treatment of cognitive deficits in 
neurological disorders. 
 
MATERIALS AND METHODS 
 
Fly stocks and maintenance 
Flies were reared on standard medium (cornmeal/sugar/ yeast) at 25oC with a 12-hr 
light/dark (LD) cycle. Canton-S flies were used as wild-type controls. OK107-GAL4 
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and UAS- GFP stocks were obtained from the Bloomington Drosophila Stock Center 
(Indiana University). UAS-CD8::GFP;; OK107-GAL4 stock was gifted by Dr. Steven 
Robinow from University of Hawaii. The generation and characterization of UAS-
dTip60E431Q and UAS-dTip60WT flies are described in Lorbeck et al(Lorbeck, 
Pirooznia et al. 2011). Generation and characterization of the double-transgenic UAS-
APP;Tip60WT fly lines are described in Pirooznia et al. All of the UAS-dTip60 fly 
lines described here are contained within a w1118 genetic background. Additionally, 
for all experiments, transgene expression levels for each of the UAS fly lines were 
assessed as described (Lorbeck et al. 2011; Pirooznia et al. 2012a,b; Johnson et al. 
2013) to ensure that the different transgenic lines used for phenotype comparisons 
show equivalent dTip60E431Q, dTip60WT, and APP expression levels. 
Immunohistochemistry and antibodies 
Adult Drosophila brains were dissected in PBS, fixed in 4% paraformaldehyde in 
PBS, washed three times in PBS containing 0.1% Triton X-100, blocked for 1 hr at 
room temperature (RT) in PBT containing 5% normal goat serum, and incubated with 
primary antibodies in blocking solution overnight at 4oC. Anti-Tip60 (1:400) was 
obtained from Abcam, anti-Fasciclin (mAb1D4; 1:10) was obtained from the 
Developmental Studies Hybridoma Bank (University of Iowa). Anti-GFP (1:100) was 
obtained from Millipore. Samples were washed three times in PBT at RT, and 
secondary antibodies (Jackson Immunoresearch) were applied in blocking solution 
for 2 hr at RT. After washing three times in PBS, samples were mounted in 
Vectashield (Vector Laboratories). 
Imaging and quantification 
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Adult brain preparations were imaged using the appropriate secondary antibodies. 
Anti-GFP and anti-Fasciclin immunostaining were visualized using Alexa-Fluor 488 
and Alexa-Fluor 568. Confocal microscopy was performed using an Olympus 
microscope with fluoview acquisition software (Olympus, Center Valley, PA). 
Images were displayed as projections of 1-mM serial Z-sections. Consecutive subsets 
of the Z-stacks were utilized for the final projection. Images were adjusted for 
brightness and contrast using the ImageJ program to more clearly define MBs. Area 
of the MB lobes in the different genotypes was measured using National Institutes of 
Health ImageJ software. 
Quantitative western blotting 
All western blots were carried on protein extracts from dissected entire heads.  Flies 
from each   housing condition were dissected and homogenized in groups of 30.  All 
antibodies were obtained from the Developmental Studies Hybridoma Bank 
(University of Iowa): nc82 (a-BRP) 1:1000; 4F3 (a-DLG) 1:2500; 1G12 (a-CSP) 
1:1000; 8C3 (a-Syx1A) 1:1000; JLA20 (β-actin) 1:300. 
Histones were extracted from 50 fly heads from each genotypes and housing 
conditions using the EpiQuik™ total histone extraction kit (Epigentek Group Inc.) 
according to the manufacturer's protocol. Equal amounts of protein as quantitated by 
using a BCA protein assay kit (Thermo Scientific) were loaded onto a 16% SDS 
PAGE gel (29:1 acrylamide/bisacrylamide). Protein samples were denatured at 95oC 
for 15 min prior to loading. The fractionated proteins were electro-blotted onto 
nitrocellulose membrane (Biorad). The membrane was blocked with 3% BSA for 2 h 
at room temperature and then incubated overnight at 4oC with antibodies (Active 
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motif) that recognizes four acetylated lysine residues (H3K9, H3K14, H4K5, H4K12 
and H4K16) of histone H3 and H4. The membrane was washed three times with 0.1% 
TBST (50 mM Tris-Hcl (pH 7.4), 150 mM NaCl, 0.3% Tween 20) and incubated with 
secondary antibody for 1 h at room temperature. The membrane was washed three 
times with 0.1% TBST. 
Western detection was done using chemiluminiscence (ECL kit, Thermo Scientific). 
Signals were quantitated using a Fluorchem imager (Alpha Innotech). To ensure 
signals were in the linear range, Alpha Ease FC software (Alpha Innotech, San 
Leandro, CA) was used according to the manufacturer’s instructions to select 
exposure times such that there was no saturation detected. Western analysis was 
repeated three separate times with two independent tissue extractions. Western blots 
and quantifications were performed as previously described(Lorbeck, Pirooznia et al. 
2011). Specifically, ECL signal intensities were quantified using ImageJ and 
normalized by dividing the within-lane actin signal (used as loading control). 
Statistical analysis was done fitting the normalized protein/actin ratios using Student's 
t-test for two-groups comparisons. 
 
Quantitative RT–PCR and ChIP assays 
Total RNA was isolated from adult fly heads using the RNeasy Plus Mini Kit 
(QIAGEN). Complementary DNA (cDNA) was prepared using the SuperScript II 
reverse transcriptase kit (Invitrogen) according to the manufacturer’s instructions 
with 1 mg total RNA and 0.2 mg/ml random hexamer primers (Roche Applied 
Science). PCRs were performed in a 20-ml reaction volume containing cDNA, 1 mΜ 
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Power SYBR Green PCR Master Mix (Applied Biosystems), and 10 mM of both 
forward and reverse primers (primer pairs available upon request). PCR was 
performed using an ABI 7500 Real-Time PCR system (Applied Biosystems) 
following the manufacturer’s instructions. Fold change in messenger RNA expression 
was determined by the ΔΔCt method. 
Chromatin precipitation assays were performed using truChIPTM Chromatin Shearing 
Kit from Covaris, following the manufacturer’s instructions. Briefly, chromatin 
immunoprecipitation (ChIP) was carried out with 50 mg of sheared chromatin using 
three different antibodies: (i) 1 ug of RNA Pol II antibody (Abcam, Cambridge, MA); 
(ii) 1 ug of Tip60 antibody (Abcam); and (iii) 1ug H4K5ac and H4K12ac antibodies 
(Active motif). A mock reaction containing all reagents except the antibody was also 
set up as a control. The chromatin was immunoprecipated using the EZ-Magna 
ChIP™ A - Chromatin Immunoprecipitation Kit (Millipore) exactly following the 
manufacturer’s specifications. The eluted material from the immunoprecipitation was 
then purified using a QIAquick PCR purification kit (Qiagen) and was directly used 
for real-time PCR. Primer sets designed by NCBI/ Primer-BLAST 
(www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers are available upon request. 
Dissociation of Brain Neurons and FACS Analysis 
 
Homozygous females from the Gal4 enhancer trap line OK107 were crossed to 
homozygous males from the reporter strain GFP, and GFP;dTip60E431Q.   
Approximately 100 male and female brains from the progeny of this cross were 
dissected and dissociated. The brains were removed from the head capsule with two 
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fine-tip forceps and placed in Schneider’s medium (IM-009-B, Specialty Media) 
without serum. The medium was carefully removed, with enough left behind to cover 
the brains. Five hundred microliters of D-PBS without Ca2+ and Mg2+ (BSS-1006, 
Specialty Media) was added to gently wash the tissue, and the medium was removed 
again. This wash was repeated twice. After the last wash, 200 ml D-PBS without 
Ca2+and Mg2+ (room temperature) and 200 ml Low Trypsin–High EDTA solution 
(SM- 2004-C, Specialty Media) were added, and the solution was mixed gently with a 
micropipette. After 2–3 min, the brains were sucked into the pipette with FluoroPel 
pipette tips (Ulster Scientific), first just to loosen the tissue and then to dissociate the 
brains gradually into single cells or small cell clusters. Two hundred microliters of 
Schneider’s medium with 10% FBS was added, and the cell suspension was then 
transferred into a 1.5 ml microcentrifuge tube The dish was rinsed twice with 500 ml 
Schneider’s medium without serum to recover remaining cells. The tube was kept on 
ice for a few minutes to allow the clearly visible pieces of tissue to settle to the 
bottom of the tube. The cell suspension was then transferred into a new tube and used 
for FACS analysis. GFP-positive cells were sorted in a flow cytometer by monitoring. 
Microarray analysis 
Total RNA was extracted from the sorted MB neurons and subjected to microarray 
analysis.  RNA samples were hybridized to GeneChips Drosophila Gene 2.0 Arrays 
according to the manufacturer’s protocol (Affymetrix, Santa Clara, CA).  The 
microarray data were then analyzed using R. RMA (Robust Multichip Average) 
algorithm was used for data normalization. Correlation matrix analysis was also 
performed using R, validating significant consistency of the microarray data for each 
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of the three genotypes analyzed. Student T-test function was used to identify genes 
whose expression differed significantly (p<0.05) and these genes were then filtered to 
select for those that showed a 1.3-fold or greater change and a 95% confidence bound 
of fold change. Genes were annotated and biological processes were analyzed using 
the Database for Annotation, Visualization, and Integrated Discovery (DAVID) 
(http://www.david.abcc.ncifcrf.gov) (Huang DW 2009, Huang DW 2009). Promoter 
and gene coding region sequence was extracted from UCSC genome browser. Meme-
ChIP was used for transcription factor binding site discovery (Machanick and Bailey 
2011). 
Cell culture 
Cultures of rat hippocampal neurons(Banker and Goslin 1988) were grown at a cell 
density of 8000/cm2 on coverslips. Hippocampal neurons of DIV 6 were harvested on 
DIV 6 for imaging. On the day of harvest, the concentrations of reagents used to treat 
neurons are: 50mM NMDA, 30 mM KCl, 5 ng/ml leptomycin B. 
 
RESULTS 
 
Tip60 HAT action enhances EE mediated neuroadaptative benefits under APP 
neurodegenerative conditions 
We previously demonstrated that Tip60 is required for both MB morphology and 
function in learning and memory(Xu, Wilf et al. 2014, Xu and Elefant 2015).  Thus, 
we first asked whether EE promotes beneficial changes on MB structural morphology 
and whether this response is dependent upon Tip60 HAT action.  To test this, we 
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crossed flies carrying a UAS-mCD8-GFP marker in conjunction with the MB specific 
OK107-GAL4 driver to control w1118 flies to mark MB cells with GFP for enhanced 
visualization.  The MB GAL4 driver OK107 expressed GAL4 in discrete neuronal 
populations in the adult fly brain that includes high expression in the Kenyon cells, 
the intrinsic neurons of the MB as well as in the pars intercerebralis, suboesophageal 
ganglion and optic lobes (Aso, Grubel et al. 2009).  To assess MB response to EE, 
newly eclosed adult fly progeny were exposed to environmental enrichment 
conditions (EE) or isolation conditions (ISO) following established protocols(R and 
Moors.A.O 2003, Ganguly-Fitzgerald, Donlea et al. 2006, Donlea.J.M and Shaw.P.J 
2009).   Briefly, newly eclosed flies were either exposed to a group of 30 flies  (1:1 
sex ratio) (EE) or housed individually (ISO) for 5 days (Figure 1A).  MBs from 
dissected conditioned brains were stained with antibodies to GFP to delineate the 
MB, counterstained with axonal marker FasII antibody that exhibits weak expression 
in the γ lobe while strongly labeling α/β lobes., and MB area was quantitated for 
each genotype (Figure 1B-E).  Quantification analysis on MB area reveals the EE 
conditioned MB structure is significantly larger than MB from ISO siblings that were 
housed individually (Figure 1, B and D; P<0.01), consistent with previous studies 
(Praag, Kempermann et al. 2000, Peleg, Sananbenesi et al. 2010, Lopez-Atalaya, 
Ciccarelli et al. 2011) (Ganguly-Fitzgerald, Donlea et al. 2006, Gilestro, Tononi et al. 
2009)showing that the MB undergoes an EE induced beneficial neuroadaptive 
response.  To assess the role of Tip60 HAT activity in this MB EE neuroadaptative 
response, we first asked whether modulating Tip60 HAT levels in the MB would alter 
the EE response we observe in control w1118 flies.   To test this, we used our 
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laboratory’s previously generated GAL4-responsive transgenic fly lines carrying a 
membrane-bound mCD8-GFP construct with either Tip60 dominant negative HAT 
mutant (UAS-mCD8-GFP;dTip60E431Q) or wild-type Tip60 (UAS-mCD8-
GFP;dTip60WT)(Pirooznia, Chiu et al. 2012) and crossed them to MB driver OK107.  
Newly eclosed adult fly progeny for each genotype were exposed to EE or ISO 
conditions (Figure 1A) (R and Moors.A.O 2003, Ganguly-Fitzgerald, Donlea et al. 
2006, Donlea.J.M and Shaw.P.J 2009) and MBs from dissected conditioned brains 
were stained with antibodies to GFP to delineate the MB, counterstained with axonal 
marker FasII, and MB area was quantitated for each genotype (Figure 1E).  
Quantitation analysis demonstrated that, consistent with our previous findings, 
dTip60E431Q flies showed a significant reduction in MB total area when compared to 
control w1118 flies while dTip60WT flies display a less severe reduction in MB total 
area.   Additionally, both loss and gain of Tip60 HAT levels in the fly MB resulted in 
a lack of response to EE.  Our results suggest that appropriate levels of Tip60 HAT 
activity are required for EE mediated neuroadaptative morphological benefits. 
EE has been shown to enhance cognitive ability under neuropathological conditions 
such as Alzheimer’s disease (AD) (Praag, Kempermann et al. 2000, Fischer, 
Sananbenesi et al. 2007, Sweatt 2009, Carulli, Foscarin et al. 2011) via induction of 
histone acetylation, yet the full array of HATs involved remain to be 
identified(Fischer 2014, Christian Griñan-Ferré 2015, Fischer 2015).   Thus, we 
wished to ask whether EE promotes beneficial changes on MB morphology under AD 
associated APP neurodegenerative conditions and whether this response is dependent 
upon Tip60 HAT action.   To examine the effects of EE on MB morphological 
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change under APP induced neurodegenerative conditions, we used unique UAS-
responsive transgenic fly lines generated in our laboratory(Pirooznia, Sarthi et al. 
2012) that co-express wild type Tip60 (dTip60WT) and human APP driven by 
GFP;OK107-Gal4.  This system allows us to manipulate Tip60 HAT levels in an APP 
neurodegenerative background, while simultaneously marking and visualizing the 
MB neurons using GFP.  Flies from each cross were housed in ISO or EE conditions 
and the conditioned brains of 5-day-old adult animals were dissected, stained with 
antibodies to GFP to delineate the MB, counterstained with axonal marker FasII, and 
the MB area was quantitated for each genotype (Figure 1B-E).   This analysis 
revealed that while the overall stereotypical morphology of MB lobes was detected in 
APP expressing fly lines, both α/β and α’/β’ lobes were significantly thinner and 
shorter in both EE and ISO conditioned APP MB when compared to control flies 
(OK107-GAL4/UAS-GFP) (figure 1C-C’).  Quantitative analysis of the MB lobe area 
revealed a reproducible but non-significant increase in MB area in APP flies under 
EE conditions, indicating that the EE induced beneficial neuroadaptative response we 
observe in control flies (Figure 1B-B’,E) occurs but is compromised under APP 
neurodegenerative conditions. 
Given our previous findings that increased levels of Tip60 rescues multiple neural 
circuits impaired under APP induced neurodegenerative conditions while Tip60 HAT 
loss exacerbates APP defects (Pirooznia, Chiu et al. 2012, Pirooznia, Sarthi et al. 
2012, Xu, Wilf et al. 2014), we asked whether increased Tip60 HAT levels could also 
restore the impaired EE response we observe in APP MB.  To test this, we crossed 
flies carrying a UAS-mCD8-GFP marker in conjunction with MB specific OK107-
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GAL4 driver to either control w1118, APP;Tip60WT or APP;Tip60E431Q flies to 
simultaneously tag MB cells with GFP while increasing or decreasing Tip60 HAT 
levels in the MB under APP neurodegenerative conditions.   We found that adult 
brains from APP;dTip60WT fly showed no observable MB structural defects as 
assessed by GFP and Fas II labeling of α/β and α’/β’ and γ lobes, indicating 
increasing Tip60 HAT levels restored APP induced MB axonal growth defects 
(Figure 1D-D’). Moreover, quantification analysis using FasII staining revealed a 
marked increase in the area of all 3 MB lobes in the APP;dTip60WT flies in EE versus 
ISO conditions. In direct contrast, adult APP;dTip60E431Q flies exhibited severe 
axonal defects in all three lobes and did not respond to EE conditions (Figure 1E). 
Taken together, our result suggests that appropriate levels of Tip60 HAT activity are 
required for EE mediated neuroadaptative morphological benefits, and that excess 
Tip60 alleviates impairment of an EE response in APP flies. 
 
Tip60 enhances EE induced positive changes in synaptic marker protein 
production. 
Our finding that increasing Tip60 HAT levels in the MB enhances EE 
neuroadaptative benefits under APP neurodegenerative conditions prompted us to ask 
whether the beneficial MB structural changes we observed were accompanied by 
positive synaptic changes.  To test this, we crossed flies carrying a UAS-mCD8-GFP 
marker in conjunction with MB specific OK107-GAL4 driver to either control w1118, 
APP or APP;Tip60WT flies and assessed pre and post-synaptic protein production 
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using whole-brain homogenates from EE or ISO conditioned adult fly brains for each 
genotype. 
To investigate presynaptic protein changes, we focused on Bruchpilot (BRP).   BRP 
is a critical component in regulating the clustering of voltage gated calcium channels 
(VGCC) at the presynaptic active zone of all synapses, and as such, is commonly 
used as a marker for both synapse number and functionality in synaptic transmission 
(Kittel, Wichmann et al. 2006, Wagh, Rasse et al. 2006, Huang 2013).  Wild type 
w1118, APP and APP;dTip60WT flies were subjected to EE and ISO conditioning.  At 
the end of the 5 days, conditioned brains were dissected and BRP protein levels were 
assessed using quantitative analysis of Western blots.   Consistent with our MB 
structural findings (Figure 1C-E), APP;dTip60WT flies exhibited enhanced BRP levels 
under EE conditions relative to ISO condition, while APP flies showed a non-
significant change in BRP levels in response to EE. 
To assess post-synaptic protein changes, we focused on density marker Disc-large 
(DLG) that is primarily produced postsynaptically.  DLG is the Drosophila homolog 
of the postsynaptic mammalian density protein PSD-95/SAP-90 and is robustly 
produced in the CNS neuropil, where its protein localization pattern overlaps with 
that of BRP(Woods and Bryant 1991) (Albornoz 2008).  DLG is involved in 
neurotransmitter release by regulating the postsynaptic clustering of glutamate 
receptors and controls glutamate release and postsynaptic structure (Thomas, Ebitsch 
et al. 2000, Chen and Featherstone 2005, Liu, Chen et al. 2010).   Consistent with our 
MB structural and BRP findings (Figure 1C-C’ and Figure 2B), APP;dTip60WT flies 
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exhibited enhanced DLG levels under EE conditions relative to ISO condition, while 
APP flies showed a non-significant change in BRP levels in response to EE. 
To assess levels of additional secretory machinery components, we analyzed the 
presence and distribution of two presynaptic vesicle associated proteins essential for 
synaptic transmission function: the cysteine string protein (csp) that regulates the 
activity of presynaptic Ca2+ channels to control exocytosis(Luke H. Chamberlain and 
Burgoyne 2008), and syntaxin (syx) a neuronal representative of a large family of 
proteins that promotes synaptic vesicle fusion and endocytosis mediated vesicle 
recycling, thus functionally “marking” both sides of the vesicle cycle(Mark K. 
Bennett, Nicole Calakos et al. 1992, Südhof 2013)_ENREF_37.  After ISO or EE 
conditioning, both CSP and SYX protein levels were found to increase (Figure. 2B,C) 
in both APP and APP;dTip60WT  flies similar to that of wild-type w1118 flies, 
suggesting that unlike DLG and BRP, EE promotes secretary protein production in a 
Tip60 independent manner under APP induced neurodegenerative conditions.  Taken 
together, these data suggest that Tip60 mediated enhancement of EE induced 
neuroadapative benefits under APP neurodegenerative conditions is due at least in 
part, to an increase in certain pre and post-synaptic functional protein components. 
 
Tip60 promotes EE beneficial neuroadaptative transcriptional changes in genes 
enriched for cognitive function. 
EE has been shown to positively impact gene expression profiles in the mouse brain 
that are enriched in functions such as neuronal structure, synaptic plasticity and 
neurotransmission.  Thus, we asked whether the EE induced beneficial MB structural 
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and synaptic changes we observe are accompanied by neuroadaptive transcriptional 
benefits in the Drosophila MB, and if so, is Tip60 HAT action required for this 
process. To address this question, we crossed our UAS-mCD8-GFP;Tip60E431Q flies 
or control UAS-mCD8-GFP flies to MB GAL4 OK-107 to simultaneously induce 
Tip60 HAT loss in the MB while tagging MB cells with GFP (Figure.3B). Adult 
progeny were exposed to EE or ISO conditions. After conditioning, the GFP tagged 
MB Kenyon neurons were FACs purified from conditioned fly brains from each 
genotype to enrich for detection of an EE induced MB transcriptional response. RNA 
was isolated from the purified Kenyon MB neurons and transcriptional changes for 
each genotype were assessed using microarray analysis. 
Bioinformatics analysis of microarray data from EE versus ISO conditioned control 
flies revealed significant differential expression for 220 genes, indicative of a 
neuroadaptative transcriptional response to EE.  Functional gene analysis revealed the 
top five enriched gene ontology (GO) groups that the EE responsive genes clustered 
to included processes known to be responsive to external stimuli such as circadian 
rhythm, neuron development and L&M, lending credibility to our analysis 
(Figure.3C).  In direct contrast, only 43 EE responsive genes revealed differential 
expression in Tip60 HAT mutant MB, indicative of a lack of neuroadaptive response 
as a result of Tip60 HAT loss (Figure.3A). 
Comparative analysis of microarray data from control w1118 flies versus Tip60 HAT 
mutant flies for EE data sets revealed transcriptional misregulation of 219 genes 
within the Tip60 HAT mutant flies.   GO functional analysis on this subset of genes 
revealed that they are enriched for cellular processes such as methyltransferase 
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activity, zinc protein finger DNA binding and nucleosomal organization.  Of note, 
while these genes encode proteins known to function in epigenetic gene regulation, 
which is consistent with Tip60’s role in this process, these functions are not known to 
be directly responsive to external stimuli.  In direct contrast, GO analysis of genes 
that are not misregulated in response to Tip60 HAT loss, but are impaired in their 
response to EE conditioning when compared to their ISO counterpart data sets, 
demonstrate that this subset of genes is enriched in processes known to be responsive 
to external stimuli that include olfactory learning and memory, sensory perception 
and signaling (Figure 3E).  Taken together, these results suggest that Tip60 HAT 
action plays a role in mediating a beneficial activity dependent transcriptional 
neuroadaptive response to EE. 
Our findings showed that EE induced beneficial MB structural and synaptic changes 
are compromised under APP neurodegenerative conditions and rescued by Tip60.  As 
transcriptional regulation is a key mechanism by which HATs exert their action, we 
asked whether an EE neuroadaptative transcriptional response is compromised under 
APP neurodegenerative conditions and whether this impairment is relieved by 
increasing Tip60 HAT levels.   To address this question, we selected six cognition 
associated EE responsive genes from our microarray analysis that did not display 
overall misregulation upon Tip60 HAT loss, but did display impairment in a 
transcriptional EE response when compared to their control w1118 counterparts.  The 
genes we selected are as follows: Pka-R1 (cAMP-dependent protein kinase R1) is a 
direct Tip60 gene targets selected from our published ChIP-seq analysis(Xu, Wilf et 
al. 2014) and its absence leads to olfactory learning defect that are observed in adult 
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fly (Goodwin, Del Vecchio et al. 1997). Mbm (mushroom body miniature) is 
essential in supporting the maintenance of MB Kenyon cell fibers in the larval stage 
and metamorphosis. Its loss leads to MB structural and cognitive function deficits(de 
Belle and Heisenberg 1996) (Raabe, Clemens-Richter et al. 2004).  Fruitless (fru) 
mutant flies exhibit defects in axonal projections (Song, Billeter et al. 2002).  Jing, a 
zinc finger transcription factor, is involved in regulating neuronal and glial 
differentiation and survival in the developing brain (Sedaghat, Miranda et al. 2002).  
Obp99a (Ordorant-binding protein 99a) is essential for olfactory perception of 
stimulus(Hekmat-Scafe, Scafe et al. 2002) and response to pheromone(Bohbot  and 
Vogt 2005).  P (Pink) deficiency impairs synaptic function by blocking synaptic 
vesicle mobility during rapid neurotic stimulation(Morais, Verstreken et al. 2009).   
We then carried out quantitative RT-PCR (qPCR) to assess their gene expression 
levels in EE versus ISO conditioned MB from control w1118, APP and APP;Tip60WT 
fly genotypes. These qPCR results validated microarray results (Figure 3A) by 
demonstrating that the six genes are upregulated in response to EE, and that this EE 
response is compromised under APP neurodegenerative conditions and restored by 
Tip60 (Figure 3F).   Taken together, these findings suggest that in adult fly MB 
neurons, a subset of genes undergo a beneficial neuroadaptive transcriptional 
response to EE and that Tip60 HAT activity plays a role in this process.  
Additionally, we show that this EE response is impaired under APP 
neurodegenerative conditions and rescued by Tip60, further implicating Tip60 HAT 
action in the EE response. 
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EE neuroadaptative transcriptional benefits in cognition associated gene 
expression involves Tip60 mediated histone acetylation induction at both 
promoter and gene-coding regions. 
EE mediated beneficial neuroadaptative changes have been shown to correlate with 
an induction of specific histone acetylation marks within the hippocampus and cortex 
regions of the mouse brain (Sananbenesi and Fischer 2009, Peleg, Sananbenesi et al. 
2010, Stilling and Fischer 2011).  Our findings that increasing Tip60 HAT levels in 
the MB enhances EE neuroadaptative transcriptional benefits of cognition associated 
genes under APP neurodegenerative conditions prompted us to ask whether such 
expression changes are accompanied by histone acetylation induction.  To test this, 
we crossed flies carrying a UAS-mCD8-GFP marker in conjunction with MB specific 
OK107-GAL4 driver to either control w1118, APP or Tip60WT;APP flies and assessed 
bulk levels of specific histone acetylation marks using western blotting of protein 
homogenates from EE or ISO conditioned adult whole fly brains for each genotype.   
We chose to measure the levels of histone H3 proteins acetylated at sites K9 and K14, 
and H4 proteins acetylated at sites K5, K12 and K16 as they are each associated with 
promoting cognition associated gene expression. Previously, H3K9, K14 and H4K5, 
K12 have been shown to be responsive to EE in the mouse brain (Peleg, Sananbenesi 
et al. 2010).   Our results showed that control w1118 fly brains display a significant 
increase in H3K14ac, H4K5ac, H4K12ac and H4K16ac under EE conditions in 
comparison to ISO conditions.  In direct contrast, APP flies only displayed a 
significant increase in H3K14ac in response to EE.   We further found that increased 
Tip60 HAT levels under APP neurodegenerative conditions reinstates an EE induced 
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induction response for histone acetylation marks H4K5ac and H4K12ac.   Taken 
together, our results indicate that induction of H4K5 and H4K12 acetylation levels in 
response to EE requires Tip60 HAT action. 
Regulation of acetylation levels on specific histone lysine residues at distinct gene 
loci is a key mechanism by which Tip60 exerts epigenetic control over transcriptional 
activity.  Thus, we asked whether the Tip60 mediated EE increase in bulk histone 
acetylation we observed (Figure 4A) affects the acetylation status of the promoter and 
gene-coding regions at some of the EE responsive genes we identified in the MB.  We 
further asked whether this response is compromised under APP neurodegenerative 
conditions and restored by an increase of Tip60 HAT levels.  To address these 
questions, we performed chromatin immunoprecipitation (ChIP-qPCR) on chromatin 
isolated from adult fly heads from control w1118, APP and APP;Tip60WT fly genotypes 
to assess acetylation levels. We chose EE responsive histone H4K5 and H4K12 
marks at select EE responsive genes (Jing, fru, P, Pka-R1 ; Figure 3F) we identified 
by MB FACs/microarray analysis.  To understand how acetylation regulates activity-
dependent gene transcription, we chose two different loci to assess acetylation levels 
at these gene targets.   For the gene-coding region, we chose a site 1kb downstream of 
the transcriptional start site (TSS), which marks the beginning of the transcriptional 
initiation.  To identify a potential Tip60 binding site at the promoter region, we 
focused on a genomic site 1kb up-stream of the TSS.   As Tip60 is thought to be 
recruited to gene promoters via promoter bound transcription factors (TFs), we 
focused on first identifying TF binding consensus sequences among our activity-
dependent gene targets using bioinformatics tool MEME-ChIP.   Within this region, 
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we found a specific consensus site for the TF br (broad), known to play an important 
role in dendritic morphogenesis and CNS development in fly nervous system(Emery, 
Bedian et al. 1994). Therefore we chose this specific region to assess promoter 
acetylation enrichment.   In control w1118 flies, we found enrichment for H4k5ac and 
H4K12ac at both the promoter and gene-coding regions for each of the selected EE 
responsive cognition associated genes, supporting a role of H4K5ac and H4K12ac in 
their transcriptional   activation.   Further, consistent with our prior transcriptional 
analysis of these genes (Figure 3F), we observed a significant reduction of histone 
acetylation at H4K5 and H4K12 marks under APP neurodegenerative conditions in 
APP flies that was restored by increasing Tip60 HAT levels.   Of note, when 
comparing acetylation enrichment levels between gene-coding and promoter regions, 
we observed that enrichment levels at the promoter sites were significantly lower than 
at the gene-coding region, suggesting different acetylation based mechanisms of 
action at these discrete promoter versus gene-coding regions. 
Given our finding that histone acetylation enrichment at EE responsive genes was 
significantly reduced under APP neurodegenerative conditions and restored by Tip60, 
we speculated that the acetylation reduction we observed in APP flies was caused by 
impairment of recruitment of Tip60 to both promoter and gene-coding regions.   To 
test this, we again carried out ChIP, this time to assess Tip60 enrichment at the EE 
responsive gene-coding and promoter regions using chromatin isolated from adult fly 
heads of control w1118, APP and APP;Tip60WT genotypes.   Similar to the histone 
acetylation enrichment pattern we observed in these genotypes (Figure 5A-D), we 
found that levels of Tip60 were enriched in control w1118 flies, significantly reduced 
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in APP flies, and restored in APP;dTip60WT  flies.  Interestingly, enrichment levels for 
Tip60 were significantly higher within the gene-coding region when compared with 
the promoter region (figure 6A), similar to what we observed for histone acetylation 
enrichment at H4K5 and H4K12 (Figure 5A-B).  These findings suggest that Tip60 
mediates histone H4K5 and H4K12 acetylation at both the promoter and within the 
gene-coding region to regulate activity-dependent gene expression and that 
mechanisms underlying this mode of transcriptional control might differ between 
these two sites. 
 
Extracellular stimulation of rat hippocampal neurons induces nuclear import of 
Tip60. 
We next sought to investigate a potential mechanism for how Tip60 carries out its 
transcriptional role in the nucleus in response to external stimuli.   Previous work 
revealed neural activity modulates chromatin acetylation by influencing certain 
HDACs to shuttle in and out of the nucleus(Chawla, Vanhoutte et al. 2003, Riccio 
2010).   Given our previous finding that Tip60 displays a nuclear-cytoplasmic 
distribution in fly neural circuits such as the MB(Xu, Wilf et al. 2014) and neural 
muscular junction (NMJ) (Sarthi and Elefant 2011), and that Tip60 also contains both 
a nuclear localization signal (NLS) and nuclear export signal (NES)(Hass and 
Yankner 2005), we asked whether Tip60 has nuclear-cytoplasmic shuttling 
capabilities, and whether neuronal activity would modulate such Tip60 cellular 
distribution.  To answer this question, we first used Immunohistochemistry staining 
with antibodies against Tip60, cytoplasmic marker MAP2 and nuclear neuronal 
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marker DAPI to visualize Tip60 distribution in hippocampal neurons of day in vitro 
(DIV) 6.   Our data revealed a nuclear and cytoplasmic distribution pattern for Tip60 
in primary rat hippocampal neurons (Supplementary figure S2), similar to what we 
observe in the fly neuronal circuits(Sarthi and Elefant 2011). 
We next asked whether Tip60 shuttles between the nucleus and cytoplasm.  To 
address this question, we tested whether blocking nuclear exportation using 
leptomycin B (LMB) in primary rat hippocampal neurons results in an increase in 
Tip60 nuclear accumulation.  LMB blocks chromosome region maintenance 1 
(CRM1) that mediates nuclear export.  Our results demonstrate that Tip60 is retained 
in the nucleus upon exposure to LMB, indicating that Tip60 undergoes continuous 
shuttling between nuclear-cytoplasmic compartments in the rat hippocampal neuronal 
cells.   To ask whether this shuttling mechanism responds to external stimuli similar 
to our EE paradigm in flies in vivo, we stimulated the rat hippocampal DIV6 neurons 
with either NMDA or KCl for 30 minutes and assessed the cellular distribution of 
Tip60 using immunohistochemistry staining with antibodies to Tip60 and nuclear 
marker DAPI.  NMDA is a well-characterized glutamate receptor agonist involved in 
learning and memory function(Newcomer 2000) and KCl depolarization triggers 
presynaptic release of glutamate and subsequently activates postsynaptic glutamate 
receptors(Duguid and Smart 2004).   After a thirty-minute treatment, neurons were 
fixed and subjected to immunochemistry staining. Quantification on Tip60 
distribution revealed a significantly stronger Tip60 signal in the nucleus (Figure.7E), 
suggesting activation of NMDARs induced Tip60 shuttling into the nucleus.   
Together, our findings suggest that Tip60 responds to extracellular cues via its 
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nuclear import to mediate nuclear epigenetic control of activity-dependent cognition 
associated gene expression profiles. 
 
DISCUSSION 
In the present study, we investigate whether EE mediates neuroadaptative benefits by 
promoting Tip60 HAT action in cognition linked gene control.  Using a well-
established social EE paradigm in Drosophila we show that EE conditions induce 
significant beneficial structural changes that include axonal outgrowth in the 
mushroom body (MB) of control w1118 flies when compared to their genetically 
identical siblings housed in isolated (ISO) conditions.   Further, we find that loss or 
gain of Tip60 HAT levels specifically in the MB results in a loss of this beneficial EE 
mediated MB axonal outgrowth response, indicating that appropriate levels of Tip60 
are required for EE neuroadaptiatvie structural MB benefits.  Consistent with our 
findings, elegant work has shown that CBP HAT deficient mice are also impaired in 
responding to positive EE effects that include enhancement of hippocampal 
neurogenesis, synaptic transmission and promoting histone acetylation dependent 
transcription of CBP target genes required for these processes, supporting a critical 
role for CBP as a mediator of EE-induced benefits(Lopez-Atalaya, Ciccarelli et al.).   
Thus, our findings add Tip60 to the small repertoire of cognition linked specific 
HATs shown to respond to external cues. 
Increasing compelling evidence supports the premise that the severity of AD 
pathology can be influenced by a complex interplay between genetic and 
environmental risk factors that can either slow or exacerbate AD progression.  
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Accordingly, EE conditions comprising positive social reinforcements are beneficial 
for reinstating long term cognitive ability in neuropathological conditions such as AD 
even after significant brain impairment, including atrophy, has occurred(Praag, 
Kempermann et al. 2000, Fischer, Sananbenesi et al. 2007, Sweatt 2009, Carulli, 
Foscarin et al. 2011, Lopez-Atalaya, Ciccarelli et al.).   For example, Dong et al show 
that EE conditions restore long-term learning and memory function in a mouse model 
for neurodegeneration that has undergone synaptic and neuronal loss by promoting 
hippocampal neurogenesis, dendrite sprouting and synaptic connections (Fischer, 
Sananbenesi et al. 2007, Lopez-Atalaya, Ciccarelli et al.).  In direct contrast, stressful 
isolation conditions exacerbated neurodegenerative pathology (Dong, Goico et al. 
2004).  Consistent with these studies, we also find that APP induced MB axonal 
outgrowth impairment in the fly is exacerbated under isolated conditions and that this 
impairment is consistently albeit only slightly improved when genetically identical 
sibling APP flies are raised under EE conditions.   Such positive EE mediated 
changes in the APP flies also include an induction of synaptic vesicle protein markers 
CSP and SYX in the fly brain.  Of note, Jankowsky et al also showed that EE 
mitigates cognitive deficits in two types of AD mouse models using a complex social 
EE paradigm involving social interaction in combination with novel objects, nesting 
materials and exercise wheels.  Interestingly, the AD mouse model overproducing 
amyloid–  used in this study exhibited less significant EE induced neuroadaptative 
benefits when compared to an APP Swedish mutation AD mouse model.  These data, 
in conjunction with our findings here, indicate that different EE paradigms and AD 
models in varying species can elicit varied but still beneficial positive effects. 
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Remarkably, we found that increasing Tip60 HAT levels specifically in the MB fully 
restored a beneficial EE response under APP neurodegenerative conditions in terms 
of enhancing axonal outgrowth and restoring induction of DLG and BRP synaptic 
markers. Based on our findings, we speculate that Tip60 serves as a positive mediator 
in translating external EE conditions into positive hard wiring changes in the brain 
and that this function is compromised under APP neurodegenerative conditions. 
During development and in adult animals, neurons in the brain respond to changes in 
environment in large part via changes in gene expression.  One of the most critical 
experience-driven behavioral change is learning and memory processes, as it directly 
impacts cognitive ability (Levenson and Sweatt 2005, Carulli, Foscarin et al. 2011, 
Nelson and L.M.Monteggia 2011, West and Greenberg 2011) and numerous studies 
support a critical role for the transcription of DNA in the memory formation 
process(Cristina M. Alberini. and Kandel 2015). Indeed, mice raised under EE 
conditions show changes in the expression of genes in the brain involved in formation 
of new synapses, strengthening of existing synapses, neurotransmission as well as 
cytoskeletal changes involved in promoting neurogenesis(Rampon, Jiang et al. 2000).    
Specific HATs play a key role in epigenetic regulation of gene expression profiles 
essential for maintaining neuronal health and mediating higher order brain 
functions(Bousiges, Vasconcelos et al. 2010, Meaney and Ferguson-Smith 2010, 
Riccio 2010, Pirooznia and Elefant 2012, Bousiges, Neidl et al. 2013, Pirooznia and 
Elefant 2013).  These studies support the premise that HATs may also play a role in 
mediating EE transcriptional control in learning and memory.   Although the full 
repertoire of cognition-linked HATs that respond to external cues remains largely 
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unknown, elegant work by Kim et al (Kim TK 2010) support a critical role for CBP 
as a mediator of EE-induced neurotranscriptional benefits. These studies reveal that 
CBP utilizes distinct activity-dependent receptors and Ca2+ signaling pathways to 
link its action in triggering plasticity associated gene transcription profiles in response 
to external cues(Kim, Hemberg et al. 2010). Accordingly, our bioinformatics analysis 
of microarray data from FACs sorted MB Kenyon cells in EE vs. ISO conditioned 
wild-type control flies revealed significant differential expression for 220 genes, 
indicative of a neuroadaptative transcriptional response to EE.   Functional analysis 
revealed the top 5 enriched gene ontology (GO) groups that the EE responsive genes 
clustered to included processes known to be responsive to external stimuli such as 
circadian rhythm, neuron development and L&M, lending credibility to our analysis.  
In direct contrast, only 43 EE responsive genes revealed differential expression in 
Tip60 HAT mutant MB, indicative of impairment of the neuroadaptive response as a 
result of Tip60 HAT loss (Figure.3D).  GO analysis of genes that are not misregulated 
in response to Tip60 HAT loss, but are impaired in an EE response reveal that this 
subset of genes is enriched in processes known to be responsive to external stimuli 
that include olfactory learning and memory, sensory perception and signaling 
(Figure3.E).  Based on these findings, we speculate that Tip60 HAT action plays a 
role in mediating a beneficial activity dependent transcriptional neuroadaptive 
response to EE to promote beneficial MB morphological changes and function.  Of 
note, our microarray analysis also reveals a fraction of genes that are misregulated in 
the Tip60 HAT mutant MB that function in general neural development.   Moreover, 
while we observe no defects in third instar larval MB in response to loss or gain of 
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Tip60, we do observe axonal outgrowth defects in the Tip60 HAT mutant adult MB.  
Therefore, we do not rule out the possibility that loss of Tip60 also causes 
transcriptional defects in genes required for general adult MB development, thereby 
contributing to the compromising MB response to EE we observe. 
Dynamic epigenetic regulation of activity-dependent neuronal gene expression 
profiles is emerging as a fundamental mechanism by which neurons adapt and fine-
tune their transcriptional responses to environmental cues to promote sustained neural 
plasticity and higher order brain function(Sweatt 2009, Meaney and Ferguson-Smith 
2010, Riccio 2010, Pirooznia and Elefant 2013).   In support of this concept, Fischer 
et al demonstrated that EE conditions trigger hippocampal induction of histone 
acetylation specifically at marks H3 (K9, K14) and H4 (K5, K8, K12) (Fischer, 
Sananbenesi et al. 2007).   Our analysis of EE impacted histone acetylation marks in 
the fly MB show remarkable similarity to these mouse studies in that control w1118 fly 
brains display a significant increase in H3K14ac, H4K5ac, H4K12ac under EE 
condition, suggesting that the EE induced histone acetylation induction response is 
tightly conserved in both flies and mouse.   Of note, we also observed a significant 
induction in H4K16ac in response to EE in the fly MB that was not shown in mice, 
suggesting that different EE paradigms and species can elicit varied but still 
beneficial positive effects.   Consistent with numerous studies showing decreased 
histone acetylation levels in the brain a variety of mouse AD models (Ricobaraza, 
Cuadrado-Tejedor et al. 2009, Bahari-Javan., Sananbenesi. et al. 2014) and in the 
temporal lobes of human patients with AD (Graff and Mansuy 2009, Graff, Rei et al. 
2012), here we show that the EE histone acetylation induction response was 
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dampened in APP neurodegenerative fly brains.  Remarkably, increasing Tip60 HAT 
levels in the APP neurodegenerative MB brain restored an EE induction response for 
histone H4K5ac and H4K12ac marks.  These results suggest that Tip60 HAT action is 
important in the EE histone acetylation induction response and that histone H4K5ac 
and H4K12ac are putative EE mediated Tip60 HAT targets.  Further, ChIP analysis 
of 4 cognition linked genes impaired in EE response in the Tip60 HAT mutant MB 
revealed enrichment for Tip60 and histone acetylation at these putative Tip60 histone 
lysine targets.   Notably, we found that enrichment levels for Tip60 and histone 
acetylation at marks H4K5 and H4K12 were significantly higher within the gene-
coding region when compared with the promoter region.  Our findings are not 
unprecedented as Fischer et al(Fischer, Sananbenesi et al. 2007)showed in mouse 
brain that acetylation at mark H4K12 is selectively associated with the coding regions 
of genes normally transcriptionally activated during the learning processes (Fischer, 
Sananbenesi et al. 2007, Carulli, Foscarin et al. 2011, Lopez-Atalaya, Ciccarelli et al.) 
and was not observed for other genomic regions including the transcriptional start site 
(TSS).  Moreover, such H4K12 gene coding region acetylation spread was impaired 
in the aged mouse brain with concomitant disruption of transcriptional activation.   
Other groups have also shown gene coding enrichment for certain HATs and their 
acetylation profiles in various model organisms.   For example, Johnsson et 
al(Johnsson, Durand-Dubief et al. 2009) show in yeast that the HAT Gcn5 is 
predominantly localized to the coding regions of highly transcripted genes to 
modulate H3K14ac levels and transcriptional elongation in response to environmental 
conditions such as stress.  Moreover, the human Elongator complex that contains the 
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HAT Elp3 was shown to be essential for neuronal function(Nguyen L 2010) and was 
found to complex with RNA pol II to facilitate transcription through chromatin in a 
acetyl-CoA dependent fashion.   Based on these data, we speculate that Tip60 
functions to mediate activity dependent gene expression by promoting gene coding 
histone acetylation spread to maintain genes in a state well poised for rapid and robust 
transcriptional induction in response to changing external cues, and that such Tip60 
mechanisms are compromised in the neurodegenerative brain. 
 
An important question to consider is how does Tip60 respond to external 
environmental stimuli to mediate a transcriptional response in neurons?   Neural 
activity has been shown to modulate chromatin acetylation in hippocampal neurons in 
part, by controlling shuttling of certain HDACs in and out of the nucleus that 
influence their activity in gene control(Chawla, Vanhoutte et al. 2003, Riccio 2010). 
Intriguingly, we observe both cytoplasmic and nuclear localization for Tip60 in 
activity dependent fly neuronal circuits that include the NMJ synaptic boutons and 
MB Kenyon cells(Sarthi and Elefant 2011, Xu, Wilf et al. 2014).  Additionally, Tip60 
contains a nuclear localization (NLS) and nuclear export (NES) sequence that we 
predicted might mediate its shuttling between nucleus and cytoplasm(Hass and 
Yankner 2005).  Accordingly, here we are the first to show a cytoplasmic and nuclear 
distribution pattern for Tip60 in primary rat hippocampal neurons and that treatment 
of these neurons with depolarization inducing extracellular factors promote uptake of 
Tip60 into the nucleus (Fig. 3; C-E).   Based on these findings, we propose a model 
by which external stimuli that is read as synaptic input induces Tip60 shuttling into 
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the nucleus that in turn, influences the neural epigenetic acetylation landscape and 
gene activity. 
The histone acetylation status of chromatin and concomitant activity dependent gene 
control in the brain have been shown to become impaired during the lifetime of a 
neuron via mechanisms involving loss of certain HAT function and a decrease in 
histone acetylation(Alarcon, Malleret et al. 2004, Verdone L 2005, Urdinguio, 
Sanchez-Mut et al. 2009, Haggarty and Tsai 2011, Konsoula and Barile 2012) .  
Accordingly, these changes are tightly linked to a variety of age related neurological 
disorders(Graff and Mansuy 2009, Peleg, Sananbenesi et al. 2010, Graff, Rei et al. 
2012, Graff, Woldemichael et al. 2012, Pirooznia and Elefant 2012, Pirooznia and 
Elefant 2013) that include Parkinson’s, Alzheimer’s (Stilling and Fischer 2011, 
Pirooznia, Sarthi et al. 2012, Johnson, Sarthi et al. 2013) and Huntington’s 
diseases(Steffan, Bodai et al. 2001).  Moreover, epigenetic misregulation of activity 
dependent genes is also tightly linked to early developmental neurological disorders 
such as autism and Rubinstein Taybi syndrome(Ebert and Greenberg 2013).  
Cognitive behavioral intervention approaches are gaining credibility as important 
non-invasive ways to slow the progression of age related neurodegenerative disorders 
(Andrade and Radhakrishnan 2009, Galvin and Carl H. Sadowsky 2012) as well as to 
reverse cognitive deficits in early childhood disorders such as autism(Fernell, 
Eriksson et al. 2013).  In support of these studies, here we show that EE conditions 
provides some beneficial changes in the APP neurodegenerative fly brain, and that 
these positive changes can be significantly enhanced by increasing Tip60 HAT levels.  
Accordingly, pharmacological treatments aimed at increasing global acetylation 
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levels through the use of non-selective pan-HDAC inhibitors have shown promising 
effects in reversing cognitive deficits in a variety of neurodegenerative animal models 
(Kazantsev and Thompson 2008) making this a powerful therapeutic strategy 
(Hockly, Richon et al. 2003, Gardian, Browne et al. 2005, Outeiro, Kontopoulos et al. 
2007, Monti, Gatta et al. 2010).   However, many currently used HDAC inhibitors 
(HDACi) lack target specificity(Langley, Gensert et al. 2005, Rouaux, Panteleeva et 
al. 2007, Haberland, Montgomery et al. 2009, Wang, Wang et al. 2009, Fischer, 
Sananbenesi et al. 2010, Graff, Franklin et al. 2010, Johnson, Sarthi et al. 2013) and 
act by increasing global acetylation levels in the brain with potential detrimental 
effects, raising concerns about their applicability.   Unlike some HDACs (Haberland, 
Montgomery et al. 2009, Fischer, Sananbenesi et al. 2010), select HATs like Tip60 
have non-redundant neural functions that may not only restore general acetylation 
balance, but also modulate particular gene expression programs that work together to 
promote neuronal health.  Thus, our findings implicate Tip60 as a critical mediator of 
EE-induced benefits and provide new insights into HAT based drug design that could 
compliment non-invasive behavioral strategies for early therapeutic intervention of 
cognitive disorders. 
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Chapter 5: Conclusion and Future Direction 
 
 
Environmental stimuli provide neurons in the brain with instructive information that 
shapes synaptic connections, which in turn, impacts cognitive function.  Such 
flexibility in neuronal response to a constantly changing environment relies on 
precise regulation of dynamic gene expression profiles that promote neuroadaptation.   
One of the best characterized epigenetic mark crucial for learning and memory is 
histone acetylation, that regulates cognitive gene expression by controlling chromatin 
packaging in neurons.  Histone acetylation is regulated by the antagonistic activities 
of histone acetyltransferases (HATs) and histone deacetylases (HDACs).  
Importantly, disruption of histone acetylation within the neural epigenome causes 
significant cognitive impairment, a debilitating hallmark of most neurodegenerative 
disorders, including Alzheimer’s disease (AD). Unfortunately, little is known about 
the select HATs that modify the neural epigenome, and the corresponding gene 
expression programs they control.  Thus, a detailed analysis of the molecular 
mechanisms underlying neural HAT action and their gene target specificity in 
animals will likely provide safer and more selective ways to promote histone 
acetylation mediated cognitive enhancement benefits in clinical settings. 
My research has been focusing on investigating an epigenetic role for the HAT Tip60 
in learning and memory formation in the brain.  To accomplish this goal, I used the 
Drosophila CNS mushroom body (MB) as a well-characterized cognition model.  The 
mushroom body (MB) in the Drosophila brain is a superb model to study cognitive 
processes in vivo as it displays homology to human circuits corresponding to the 
hippocampus and as such, functions in learning and memory (L&M).   I demonstrated 
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that Tip60 is endogenously expressed in the Kenyon cells, the intrinsic neurons of the 
MB, and in the MB axonal lobes. Targeted loss of Tip60 HAT activity in the MB 
causes thinner and shorter axonal lobes while increasing Tip60 HAT levels cause no 
morphological defects. Functional consequences of both loss and gain of Tip60 HAT 
levels in the MB are evidenced by defects in immediate-recall memory.  Our 
ChIP-Seq analysis reveals that Tip60 target genes are enriched for functions in 
cognitive processes, and accordingly, key genes representing these pathways are 
misregulated in the Tip60 HAT mutant fly brain.  Finally, I found that both learning 
and immediate-recall memory deficits that occur under AD-associated, amyloid 
precursor protein (APP)-induced neurodegenerative conditions can be effectively 
rescued by increasing Tip60 HAT levels specifically in the MB. Together, my 
findings reveal an epigenetic transcriptional regulatory role for Tip60 in cognitive 
function and highlight the potential of HAT activators as a therapeutic option for 
neurodegenerative disorders. 
While Drosophila being a powerful model to assess epigenetic control of learning and 
memory, it is important to confirm mammalian epigenetic conservation in control of 
Tip60 cognition linked targets I identify.  To test mammalian epigenetic conservation, 
I performed chromatin immunoprecipitation (ChIP) on wild-type mouse hippocampus 
(mammalian L&M center affected in AD) and liver tissues (negative tissue specificity 
control) at five of the Tip60 direct cognition linked target genes that I had identified 
in Drosophila.  Our findings are the first to show that cognitive gene specific Tip60 
binding and acetylation enrichment that I characterized in Drosophila is recapitulated 
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in mouse hippocampus but not in negative liver tissue specificity control, as we 
would expect. 
To gain better insight on Tip60 regulated activity dependent gene control, another 
facet of my research focused on investigating epigenetic-based mechanisms 
underlying how environmental enrichment (EE) mediates a beneficial impact on an 
Alzheimer’s disease (AD) fly model.  Environmental stimuli provide neurons in the 
brain with instructive information that shapes synaptic connections to impact 
cognitive ability.  As such, EE conditions have profound beneficial effects for 
reinstating cognitive ability in neuropathological conditions such as AD. While EE 
benefits involve epigenetic gene control mechanisms that comprise histone 
acetylation, the select HATs involved remain largely unknown. Our laboratory and 
myself have shown that Tip60 HAT action controls activity-dependent cognition 
linked neuronal processes that include synaptic plasticity, axonal transport and 
epigenetically regulates transcriptional profiles of genes enriched for these functions. 
Here, I examine a role for Tip60 HAT action in mediating activity- dependent 
neuroadaptation to EE.   Morphological analysis of the MB revealed that EE induced 
MB axonal outgrowth while Tip60 deficient flies showed a defect in such beneficial 
EE axonal enhancement. These defects correlated with attenuation of the 
transcriptional profile of certain activity-dependent cognition linked genes induced in 
response to EE.  My results implicate Tip60 as a critical mediator of EE-induced 
benefits, and provide insight into non-invasive behavioral and epigenetic treatments 
for cognitive deficits in neurological disorders.  Together, my work provided much 
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insight into mechanisms underlying such EE mediated Tip60 epigenetic cognition 
linked gene regulation. 
Future studies are needed to further explore the mechanisms underlying how EE 
mediates activity-dependent gene regulation, and how Tip60 carries out its regulatory 
role in this process. This could involve using ChIP-seq to identify potential Tip60 
neuroadaptive targets. ChIP-Seq uses ChIP and parallel DNA sequencing to measure 
genome-wide protein binding affinity.  Its use will allow us to assess changes in 
cognition linked acetylation profile in a larger scale. While fly as a powerful tool in 
identifying Tip60 neuroprotective gene targets, it is important to test the same 
principle in mammalian system to verify human disease relevance. We can use 
integrated data sets we obtained from fly analysis to determine the mammalian 
homologs that to assess the conservation in terms of genomic binding sites, 
acetylation profile as well as gene expression and functions. 
Another prospective of the future work can be focused on further understanding 
Tip60’s shuttling mechanisms. We found that Tip60 shuttles into hippocampal nuclei 
in response to external stimulus.  To determine how Tip60 nuclear import in the 
mammalian brain is affected under EE or neuropathological conditions, in vivo, we 
can explore functional consequences of blocking Tip60 neuronal nuclear 
import/export. Moreover, using 3D-FISH imaging, we can elucidate at high definition 
Tip60 dependent 3D spatial relocalization of Tip60 target gene loci to 
transcriptionally active or repressed chromatin regions in cognition linked neuronal 
systems. This direction will help us to gain much insight into how EE and 
neuropathological impact on this novel transcriptional control mechanism. 
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Overall, our studies provide informative insight into EE impact on novel Tip60 HAT 
based neuroprotective mechanisms that facilitated by neuronal epigenetic 
modifications on neural gene expression profiles. Understanding novel molecular 
mechanisms that govern Tip60 HAT action in mediating its neuroprotective role in 
higher order brain function will allow us to better elucidate the epigenetic regulatory 
role of Tip60 in both neurodevelopmental and neurodegenerative conditions. These 
results will provide promise for behavioral based, non-invasive cognitive disorder 
therapies. 
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Chapter 6: Tables and Figures 
Chapter 2 
 
Figure 1: Tip60 expression in the adult Drosophila brain. 
Frontal view of a wild type (Canton S) adult Drosophila brain stained with an antibody to 
Tip60 (red) and counterstained with anti-ELAV antibody (green). Tip60 is widely 
expressed in the adult fly brai (A) including the mushroom body lobes (A, arrow), with 
an expression pattern similar to the pan-neuronal ELAV protein (B and C). (A-C) are 
whole brain reconstruction of individual confocal image slices, scale bar 100uM. A 
single confocal plane through the mushroom body at the level of the calyx 
(approximately center of the Z stack) in flies that express mCD8-GFP under the control 
of OK107-GAL4 driver shows Tip60  expression in Kenyon cell (KC) nuclei with a halo 
of GFP expression in the cell membrane and calyx (dendritic processes) (E-G). 
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Figure 2. Tip60 is expressed in the mushroom body lobes. 
Adult mushroom body lobes in wild type (Canton S) Drosophila brain stained with 
Tip60 antibody (A and D) and co-stained with antibodies to either Fasciclin II (Fas II) 
(B) or Trio (E) antibodies. Fas II is a cell adhesion molecule that is expressed 
strongly in the mushroom body α/β lobes and weakly in the γ-lobe. Trio is a Dbl 
family protein that activates Rho family GTPases and is expressed strongly in the 
α’/β’ lobes and weakly in the γ-lobe. Tip60 is expressed in all the lobes of the 
mushroom body and co-localizes with Fas II and Trio in the α/β (C) and α’/β’ (F) 
lobes, respectively. Tip60 also co-localizes with Fas II and Trio in the γ-lobes (C and 
F). 
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Figure 3: Misregulation of Tip60 in Drosophila MB does not affect learning but 
leads to defects in immediate recall memory. 
Panel (A) denotes learning during the initial 10 mins (blue columns) and final 10 minutes 
(red columns) of the training phase during the courtship suppression assay. Genotypes 
are indicated. Flies expressing either the mutant Tip60 defective in its HAT activity 
(dTip60E431Q) or additional copies of wild type Tip60 (dTip60WT) exhibit marked 
decrease in courtship index during final 10 mins compared to the initial 10 mins, 
indicative of normal learning response. This is comparable to response observed in wild 
type (Canton S) flies as well as the corresponding GAL4 and UAS background controls.  
Panel (B) denotes immediate recall memory (0-2 mins post training) of trained males 
compared to untrained (sham) males of the same genotype. dTip60E431Q and dTip60WT 
flies show no significant difference between trained and sham males, indicative of no 
immediate recall of training. Error bars represent 95% confidence interval. In panel (A), 
single asterisk indicates P < 0.05 and double asterisk indicates P < 0.001 compared with 
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initial 10 mins. In panel (B), single asterisk indicates P < 0.05 and double asterisk 
indicates P < 0.001 compared with sham males, n=20 for trained and untrained males in 
each genotype. 
 
Figure 4: Tip60 is required for normal structures of the adult mushroom body. 
Larval and adult mushroom body visualized with mCD8-GFP driven by pan-MB driver, 
OK107-GAL4.  Third instar larval brain in control flies (A). Flies expressing mutant 
Tip60 defective in its HAT activity (dTip60E431Q) (B) or additional copies of wild type 
Tip60 (dTip60WT) (C) show no effect on mushroom body structure in the third instar 
larva. GFP labeling shows similar widths of and α/β lobes in (A’) adult control brains 
(OK107-GAL4; UAS-GFP), whereas adult flies expressing mutant dTip60E431Q display 
severe reduction in length and width of both α and β lobes (arrow) (B’) while 
overexpressing dTip60WT did not have any effect on the MB in the adult flies (C’). (D) 
Quantification of area in the different genotypes in adult flies, quantification of α/β and γ 
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lobe lobes was done using Fas II labeling. Trio labeling was used for α’/β’ lobes 
quantification (n=20). Error bars represent 95% confidence interval. Single asterisk 
indicates P < 0.05 and double asterisk indicates P < 0.001 compared to respective MB 
lobes in the control. 
 
 
Figure 5. Fasciclin II labeling in the mushroom body. 
OK107-GAL4  driver carrying GFP construct was used to drive expression of 
dTip60E431Q or dTip60WT and effect on mushroom body structure was visualized using 
GFP and Fas II staining. Compared to control brains (UAS-mCD8-GFP; OK107-GAL4), 
dTip60E431Q flies exhibit marked decrease in α/β and γ lobes while dTip60WT flies did not 
exhibit any effects on α/β and γ lobes. Fas II labeling was used for quantifying area 
measurements in the different genotypes. 
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Figure 6. Trio labeling in the mushroom body. 
OK107-GAL4  driver carrying GFP construct was used to drive expression of 
dTip60E431Q or dTip60WT and effect on mushroom body structure was visualized using 
GFP and Trio staining. Compared to control brains (UAS-mCD8-GFP; OK107-GAL4), 
dTip60E431Q flies exhibit marked decrease in α’/β’ while dTip60WT flies exhibit no 
significant effects on α’/β’ lobes. Trio labeling was used for quantifying area 
measurements in the different genotypes. 
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Figure 7.  Tip60 associates with genes enriched for neuronal functions. 
(A) Functional annotation clustering of Tip60 associated genes using GeneCodis.   Only 
clusters containing more than two genes and having significant enrichment (indicate p 
value here) are shown.  (B) Tissue-specific expression profiles for Tip60 associated 
genes.  Expression profiles were obtained through FlyAtlas.  Histogram analysis depicts 
that the majority of Tip60-associated genes are upregulated specifically in tissues with 
neuronal function. (C) Proportions of different gene categories in Tip60-target genes.  
132 neuronal genes targeted by Tip60 showed co-localization of active elongation 
version of RNA Pol II, suggesting that these Tip60-target neuronal genes are actively 
transcribed.  (D) Select examples of transcription factor (TF) motifs significantly 
enriched within neuronal gene regions associated with Tip60.   TF motifs were identified 
using the MEME-Chip platform.   Significance values for each discovered motif are 
represented as E-value (false discovery rate for each pattern search), and the matching TF 
is shown below for each match. 
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Figure 8.  Tip60 HAT loss in the CNS causes misregulation of neuronal genes. 
(A) Real-time PCR was performed on cDNA isolated from adult fly heads expressing 
dTip60 E431Q under the elav C155 pan-neuronal GAL4 driver. Histogram represents 
relative fold change in expression level of neuronal target genes. Real-time PCRs were 
performed in triplicate, and the fold change was calculated using theΔΔCT method.   
Statistical significance was calculated using an unpaired Student’s t test: * p < 0.05, ** p 
< 0.01.  (B) List of selected learning and memory related genes and their functions that 
are identified in ChIP-seq analysis and validated in adult head tissue using qRT-PCR. 
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Figure 9. Increased level of Tip60 HAT activity rescues learning and memory 
deficits in an AD fly model. 
Panel (A) denotes learning during the initial 10 mins (blue columns) and final 10 minutes 
(red columns) of the training phase during the courtship suppression assay. Genotypes 
are indicated.   Flies expressing either hAPP or co-expressing equivalent levels of hAPP 
with HAT mutant dTip60E431Q exhibit no marked decrease in courtship during final 10 
mins compared to intitial 10 mins, indicative of learning defects.  Flies co-expressing 
hAPP with dTip60WT exhibit marked decrease in courtship index during final 10 mins 
compared to the initial 10 mins, indicative of normal learning response.   Flies expressing 
either hAPP dCT or co-expressing and hAPPdCT; dTip60E431Q exhibit marked decrease 
in courtship index during final 10 mins compared to initial 10 mins., indicating that 
learning effects are dependant upon the C-terminal of hAPP.   Panel  (B) Immediate 
recall memory (0-2 mins post training) of trained males compared to untrained (sham) 
males of the same genotype. Both hAPP and hAPP;dTip60E431Q flies show no significant 
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difference between trained and sham males, indicative of no immediate recall memory, 
while hAPP; dTip60WT  show significant difference, indicative of memory rescue.   hAPP 
dCT with dTip60E431Q and dTip60WT flies show no significant difference between trained 
and sham males, indicative of no immediate recall of training. Error bars represent 95% 
confidence interval.  Single asterisk indicates P < 0.05 and double asterisk indicates P < 
0.001 compared with sham males, n=20 for trained and untrained males in each 
genotype. 
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Table 1. Activity-dependant cognition linked pathways enriched for Tip60 
associated genes. 
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Chapter 3: 
 
 
 
Figure 1.   Drosophila mushroom body (MB) neurons co-immunostained with antibodies 
that label Tip60 shown in green and Fasciclin II (Fas II) shown in red.   Fas II is a cell 
adhesion molecule that is expressed strongly in the MB α/β lobes and weakly in the γ 
lobe in the MB of the adult fly brain. Appropriate levels of Tip60 are required for axon 
outgrowth in the adult Drosophila MB. 
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Figure 2.  Model for the molecular events underlying rescue of learning and memory 
deficits by Tip60 HAT action under APP induced neurodegenerative conditions.   Loss of 
Tip60 HAT activity (Tip60 MUT) disrupts neural epigenetic histone acetylation signatures 
in the adult Drosophila MB Kenyon cells.  Such changes in the histone acetylation 
chromatin landscape result in repression of cognition linked genes causing impairement 
of MB axonal outgrowth and synaptic connections with concomitant learning and 
memory deficits.   Increasing cellular levels and/or enzymatic activity of specific HATs 
like Tip60 under APP neurodegenative conditions might epigenetically reprogram 
cognition gene cassettes that function together to promote neuroprotection.  Here, under 
APP induced neurodegenerative conditions, HAT competent Tip60 (Tip60 WT) exerts 
neuroprotective effects either alone, or by complexing with AICD to epigenetically 
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reprogram gene expression profiles via targeted histone acetylation that in turn, protects 
and/or promotes MB function. 
Graphic design and illustration of model figure by Cameryn S. Richards. 
 
Table 1. Tip60 induced defects on MB axonal outgrowth and/or learning and memory 
function Drosophila adult flies 
Genotype Effect on MB Learning defect Memory defect 
Tip60 HAT mut Partial defect No Yes 
APP Partial defect Yes Yes 
APP; Tip60HAT mut Complete loss Yes Yes 
Tip60OE No effect No Yes 
APP; Tip60OE Minor defect No No 
 
 
MB directed expression of HAT defective mutant Tip60 (Tip60 HAT mut) causes MB 
axonal outgrowth defects and memory deficits.   APP overexpression flies display a 
similar level of MB structural and functional defects in both learning and memory.  These 
impairments are exacerbated in flies that co-express Tip60 HAT mutant with APP 
(APP;Tip60 HAT mut) resulting in more severe MB morphological defects and learning and 
memory dysfunction.  Tip60 overexpression results in memory defects with no 
significant effects on MB axonal structure, indicating appropriate levels of Tip60 are 
critical for memory formation.  MB overexpression of Tip60 in conjunction with APP 
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(APP;Tip60OE)flies rescues both learning and memory deficits and MB morphological 
defects possibly via  epigenetic reprogramming of cognition linked expression profiles. 
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Chapter 4 
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Figure 1. Tip60 HAT activity enhances EE mediated neuroadaptive benefits in 
MB morphology under APP neurodegenerative conditions. 
(A) Experimental paradigm for flies exposed to isolation (ISO) or environmental 
enrichment (EE) conditions. Newly enclosed adult fly progeny were explosed to a 
group of 30 flies (1:1 sex ratio) (EE), or housed individually (ISO) for 5 days. 
(B-D) Representative confocal images of adult MB visualized by mCD8-GFP and 
stained with axonal marker Fascillin II (Fas II) antibody from 5-day old adult fly 
expressing indicated transgenes driven by GFP;;OK107-Gal4 under ISO or EE 
condition. Anti-GFP staining used as marker to delineate MB in the adult brains. Anti-
Fas II staining shows α/β and γ lobes in wild-type, APP and APP;dTip60WT flies under 
ISO condition. (B’-D’) Same genotype flies in EE condition. 
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(E) Quantification of area in the different genotypes and housing conditions in adult 
flies. Data represent the mean of 15 replicates with error bars depicting 95% 
confidence interval * P<0.05, ** P<0.001. 
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Figure 2. Tip60 enhances EE induction of synaptic markers under APP induced 
neurodegenerative conditions. 
(A) The schematic of key synaptic maker components of Drosophila synapse. 
Abbreviations: pre, presynaptic; post, postsynaptic; BRP, Bruchpilot; CSP, cysteine 
string protein; DLG, Discs-large; Syx, syntaxin. 
(B) Structural synaptic marker BRP and DLG protein production remained the same 
under different housing conditions under APP neurodegenerative conditions 
(C) Structural marker protein production were induced under EE condition with 
enhanced Tip60 HAT activity 
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(D-E) Secretary marker protein Syx and CSP production were induced under EE 
conditions in both APP and APP;dTip60WT fly brains. 
Data represent the mean of 3 replicates with error bars depicting 95% confidence 
interval. A single asterisk indicates P<0.05, and a double asterisk indicates P<0.001. 
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Figure 3. Tip60 promotes EE neuroadaptative transcriptional benefits in genes 
enriched for cognitive function. 
(A) The hierarchical cluster of the 125 genes differentially regulated in respond to EE 
(corrected P-value < 0.05, FC> 1.3) reveals an impaired transcriptional response in 
Tip60 HAT mutant fly. 
(B) Experiment schematic for the microarray analysis. 
(C) Pie diagram showing GO term associated enrichment in each of the major function 
categories identified in the analysis. 
(D) Number of genes that are up-regulated (dark gray) and down-regulated (light gray) 
in response to EE in control and Tip60 HAT mutant fly MB neurons with FC>1.1. 
(E) Function analysis on the selected gene group (highlighted on heatmap). This 
subset of genes is not signifiantly misregulated in comparaison of WT under iso 
condition, and is not responsive to EE induced neuroadaptive transcriptional benefits. 
(F) Quantitative RT-PCR validation of representative gene targets in control, APP and 
APP;dTip60WT flies under ISO and EE conditions for EE-mediated transcriptional 
regulation on the representative genes. 
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Figure 4. Tip60 HAT action restores EE-mediated bulk histone acetylation 
induction in the Drosophila brain under APP neurodegenerative conditions. 
The indicated transgene was expressed in the fly MB using GFP;;OK107-Gal4 driver. 
Expression of hAPP in MB results no significant acetylation change in response to EE, 
while enhanced Tip60 HAT activity restores such response in acetylation of H4K5 and 
H4K12. 
(A) Representative immunoblot showing histone acetylation in WT, APP and 
APP;dTip60WT flies under ISO and EE conditions. 
(B) Quantification of (A). A single asterisk indicates P<0.05, and a double asterisk 
indicates P<0.001. n>30. 
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Figure 5. Reduced histone acetylation levels on specific histone H4K12 and H4K5 
residues within the promoter and gene coding region of EE responsive genes in 
the Drosophila APP brain is restored by increasing Tip60 HAT levels. 
H4K5ac (A) and H4K12ac (B) enrichment at gene coding region of selected EE 
responsive genes. 
H4K5ac (C) and H4K12ac (D) enrichment at the promoter region of same EE 
responsive genes. Enhanced acetylation levels were observed in wild-type flies, while 
such EE induced response was reduced in APP flies, and restored with excess Tip60. 
Excess Tip60 increased EE-induced H4K5 and H4K12 acetylation at both promoter 
and gene coding regions of selected EE responsive genes 
(A)H4K5ac ChIP of coding region. 
(B)H4K12ac ChIP of coding region. 
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(C)H4K5ac ChIP of selected promoter region. 
(D)H4K12ac ChIP of selected promoter region. 
** P < 0.01, *P < 0.05. n >1000. Error bars indicate SEM. 
 
 
 
Figure 6. Tip60 enrichment at both promoter and gene coding of of EE 
responsive genes is reduced in the Drosophila APP brain and restored by 
increasing Tip60 HAT levels. 
 
Tip60 displays similar enrichment pattern as histone acetylation on wild-type, APP 
flies and APP;Tip60 fly. 
(A)Tip60 ChIP at coding region. 
(B)Tip60 ChIP at selected promoter region. 
** P < 0.01, *P < 0.05. n >1000. Error bars indicate SEM. 
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Figure 7. Extracellular stimulation of hippocampal neurons induces Tip60 
nuclear import. 
 
(A) Tip60 distribution in nucleus and cytoplasm under resting conditions. 
(B-D) Rat Hippocampal neurons (DIV6) treaded with depolarizing agent NMDA 
immunostained with Abs to Tip60, Tau(cytoplasm), DAPI(nucleus). (E)Quantification 
of fluorescent signal intensity for nuclear Tip60 in neurons treated with Leptomycin 
B(LMB) that blocks nuclear export, or depolarizing agents NMDA or KCl. * p < 0.05; 
** p < 0.01; n=50 cells analyzed per treatment. Data represent the mean of 50 
replicates with error bars indicating SEM. 
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S1. Representative confocal images of adult MB visualized by mCD8-GFP and 
stained with axonal marker Fascillin II (Fas II) antibody from 5-day old adult fly 
expressing indicated transgenes driven by GFP;;OK107-Gal4 under ISO or EE 
condition.  Genotypes as indicated. 
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S2. Representative immunohistochemistry staining using Abs against Tip60 and 
cytoplasmic and nuclear neuronal markers reveals a cytoplasmic and nuclear 
distribution pattern for Tip60 in neurons. 
 
 
 
S3. (A) Schematic of selected promoter and gene coding region used for ChIP 
experiments. (B) Consensus sequence illustrated over selected gene targets. 
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Table I.  Tip60 HAT activity is required to mediate EE induced neuroadaptive 
benefits. 
List of selected EE responsive cognitive linked genes and their functions. 
 
 
Gene$symbol Gene$name Inferred$Function
Obp99a Ordorant8binding$protein$99a olfactory$perception$of$stimulus$and$response$to$pheromone
Pka8R1 cAMP8dependent$protein$kinase$R1 olfactory$learning
mbm mushroom$body$miniature maintenance$of$MB$Kenyon$cell$fibers$in$the$larval$stage$and$metamorphosis
fru fruitless $axonal$projection
jing jing $neuronal$and$glial$differentiation$and$survival$in$the$developing$brain
p pink synaptic$function$by$blocking$synaptic$vesicle$mobility$during$rapid$neurotic$stimulation
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